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Foreword 
The potential for structural damage resulting from the 
condensation of moisture in various parts of homes has 
caused widespread concern in recent years. The topic 
has been the basis for a number of research symposia 
over the past decade and numerous articles in building 
trade publications. In spite of this attention, there still 
appears to be a lack of reliable information for housing 
practitioners about the causes and extent of condensa-
tion-related problems and the appropriate solutions. 
To address this problem, the American Association of 
Housing Educators, in cooperation with the Building 
Thermal Envelope Coordinating Council and the Small 
Homes Council-Building Research Council of the 
University of Illinois at Urbana-Champaign, organized 
a symposium to facilitate transfer to housing prac-
titioners of the latest technical knowledge in the area of 
condensation problems. A national call for papers was 
issued. Papers were required to present the results of 
specific scholarly inquiry, with preference given to em-
pirical research. Several important topics were not ad-
dressed in the resulting papers. Leading figures in the 
research community were invited to prepare papers to 
fill these gaps. 
This publication is one result of that symposium. It is 
both more and less than a proceedings. It is less in that 
not all the presentations delivered at the symposium 
were available in writt~n form; therefore, this document 
is not a complete record of the symposium. All sym-
posium papers were subsequently subjected to profes-
sional review to assure accuracy. Papers were also 
edited to provide a uniform style and format. 
It is more in that materials have been added by the 
editors that complement the symposium papers. The 
Merrill and Parrott paper "Condensation Problems in 
Housing: An Overview" provides a technical introduc-
tion to pertinent terms and principles. This paper, along 
with the Angell and Olson paper, "Moisture Sources As-
sociated with Potential Damage in Cold Climate Hous-
ing", are intended as background preparation for the 
remainder of the publication. The Merrill paper, "Mois-
ture Problems and Energy Advisors", presents data on 
the extent of residential moisture problems as assessed 
by Wisconsin energy advisors. 
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Condensation Problems in Housing: An Overview 
John Merrill 
Kathleen Parrott 
Introduction 
The purpose of this paper is to provide a practical over-
view of the state of knowledge regarding water vapor 
movement and related condensation problems in 
homes. It provides a framework for viewing problems, 
reviews scientific principles that govern condensation, 
summarizes what is known about condensation 
problems and notes areas of continued controversy. The 
paper integrates key findings from the remainder of this 
publication. 
Basic Water Vapor Terms 
Water vapor is commonly referred to as humidity. 
Humidity levels are expressed in two ways: in absolute 
terms and in relative terms. Absolute humidity is the con-
centration of water vapor in a unit of air. It is usually 
expressed as pounds or grains of water per cubic foot 
of air (7,000 grains equals one pound). There are two 
other common ways to express water vapor concentra-
tion. One is the humidity ratio, which is the ratio of 
pounds of water vapor per pound of dry air. Vapor 
pressure is the third expression. Vapor pressure is the 
partial pressure of water in air and is expressed in in-
ches of mercury. 
Relative humidity is the amount of water vapor in air 
relative to the maximum amount of water vapor air can 
hold at that temperature. As the temperature of air rises, 
its water vapor holding capacity increases. The total 
amount of water vapor in a 1500 square foot house at 
70'F. and 40% relative humidity is about 6 pounds or 
pints. If the relative humidity of the house is at 100%, 
the air in the house would contain about 14 pints of 
water. 
At the 100% relative humidity level, no more mois-
ture can be absorbed by the air. If the temperature of the 
air were to drop rapidly, fog might form. More com-
monly, the temperature of various surfaces in the home 
drop and the moisture-holding capacity of the air ad-
jacent to those surfaces drops. As it does so, some of the 
water vapor in the air condenses into liquid on the cool 
surfaces. Condensation occurs whenever surface 
temperatures drop below the dew point. Dew point is the 
temperature to which air with a given moisture content 
must be cooled for some of the moisture it contains to 
condense from water vapor to liquid water. Table 1 
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gives examples of dew points for different tempera-
ture/relative humidity conditions. 
As suggested by Laquatra and Chi, the recom-
mended relative humidity level is a compromise be-
tween the level the house can sustain without severe 
condensation occurring and the level best suited for 
human health and comfort. During periods of severe 
cold, such as are experienced in the upper Midwest, a 
relative humidity between 30 and 40% is recommended. 
There are a variety of instruments available for 
measuring relative humidity. However, as a general rule 
humidity levels are too high if persistent condensation 
occurs on double glazed windows when outside 
temperatures are above lO'F. (Merrill and TenWolde, in 
press). 
A Systems View of Condensation Problems 
It is tempting to think of condensation problems in 
simple cause and effect terms. For example, one might 
consider inadequate ventilation the cause of excessive 
humidity or blame sagging gypsum drywall on the in-
stallation of vapor retarders. However, to effectively 
deal with condensation, it is vital to recognize that 
Table 1. Selected Temperature-Humidity data 
Temperature 
(degrees F. 
85 
75 
65 
55 
Relative Humidity Water content 
(percent) (pints/12000 c.f.) 
100 22 
60 13 
40 7 
20 4 
100 16 
60 10 
40 7 
20 3 
100 12 
60 7 
40 5 
20 2 
100 8 
60 5 
40 3 
20 2 
Dew 
Point 
85 
70 
58 
40 
75 
60 
49 
31 
65 
51 
40 
23 
55 
41 
31 
15 
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problems arise from a complex system of interrelated 
causes and effects. The complexity is evidenced by the 
fact that problems often occur without obvious causes. 
In some cases, when conditions appear to be right for 
problems, no evidence of damage can be found. Solu-
tions depend on identifying what causes are contribut-
ing to a particular problem and then determining the 
most effective point at which to intervene. Dellenger 
and Herman present a detailed diagnostic model in 
their paper that provides an extensive list of variables 
to consider. The model presented in Figure 1 provides 
a simplified model that provides a useful framework for 
the distussion that follows. 
The model suggests that there are three broad classes 
of causes for condensation problems: 
• The amount of moisture being introduced into the 
space. 
• The way the moisture is being moved into, around 
and out of the space. 
• The temperature of surfaces surrounding the 
space. 
If these causes combine in the right way, condensation 
can occur. Condensation becomes a problem when 
structural damage is sustained or occupants of the space 
experience negative health effects. Structural damage is 
construed broadly to include surface degradation, such 
as fungal growth, that prompts corrective action on the 
part of occupants, as well as actual deterioration of 
building materials. It can be argued that a problem also 
exists if residents must expend large amounts of effort 
to control condensation in order to prevent structural 
damage or health effects. The chances of problems can 
be decreased if action is taken to control or change one 
or more of the causes contributing to the problem. Each 
element of the model is discussed in detail below. 
CAUSES OF CONDENSATION PROBLEMS 
Moisture Production 
The Role of Liquid Water. Since the focus of this paper 
is on problems that begin with condensation of water 
vapor, the discussion of moisture production focuses on 
production of water vapor. However, water vapor often 
develops through the evaporation of liquid water 
within the home. Consequently, some attention must be 
given to sources of liquid water as well. A second reason 
to consider liquid water is that problems originating 
from liquid water are often mistakenly attributed to 
condensation. A leaky roof, for example, may cause 
dampness and subsequent fungal growth on walls 
similar to that produced by condensation. 
Water introduced into the space from outside the 
structure can be a major source of water vapor (Tsongas, 
1980). This water may come through basement or foun-
dation walls, through leaks in roofs or through ice dams 
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SOLUTIONS CAUSES PROBLEMS 
STRUCTURAL 
PROBLEM 
OR 
HEALTH EFFECT 
Figure 1. A Systems View of Condensation Problems 
which can cause water to back up under roofing. Rain 
may be driven under siding by wind or it may splash 
back from the ground against siding. Moisture from rain 
also may back up under siding due to capillary action 
(Lstiburek, 1987). The infiltration of surface runoff 
water has been observed to be a major contributor to 
structural damage above crawl spaces in warm climates 
(Jennings and Moody, 1983; Spray and Heedon, 1983). 
In addition to these external sources of water, there are 
also internal sources of water that must be considered. 
These include leaks in water supply systems, drain sys-
tems and associated equipment, such as bathtub 
enclosures. The Labs paper and the Dellenger and Her-
man paper provide more detail on the nature and scope 
of the contribution of water leakage to condensation 
problems. 
Sources of Water Vapor. If the source of condensation 
problems cannot be linked to a liquid water problem, 
then sources of water vapor should be evaluated. Es-
timates of the amount of water vapor produced by 
various sources are available. However, as Angell and 
Olson point out, the origins of these estimates are rather 
obscure. Important sources include exposed earth in 
crawl spaces and basements, human respiration, 
showering or bathing, washing dishes and floors, 
drying clothes indoors, house plants, cooking in open 
containers, storing firewood indoors and unvented 
combustion appliances. While more research is needed 
to determine the quantities of water vapor produced by 
these activities, there seems little question that, overall, 
a great deal of water vapor is produced. Angell and 
Olson catalogue estimates of the amount of water vapor 
contributed by various sources. 
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How Moisture Moves 
In some cases, high humidity levels and condensation-
related problems can not be traced to liquid water or 
water vapor sources. In these cases, an understanding 
of moisture transport mechanisms is required. The two 
principal mechanisms of water vapor movement are 
diffusion and air movement. Diffusion is the process 
though which water vapor moves from a place of high 
concentration to a place of low concentration. Moisture 
does this rapidly within air. Water vapor also diffuses 
through solid materials. The rate of movement depends 
roughly on the rate of water vapor permeance of the 
material and the difference in the vapor pressures on 
the two sides of the material. Water vapor permeance is 
the rate of transmission of water vapor through a 
sample of material in a specified length of time. The 
higher the permeance or perm rating of a material, the 
more water vapor can pass through it. The permeance 
of materials is not constant but changes with the thick-
ness of the material and often with temperature and 
humidity. 
The Role of Air Movement 
E:ven when there are great vapor pressure differences, 
atr movement usually accounts for the vast majority of 
moisture movement. Air pressure differences are the 
mechanism behind air movement. Pressure differences 
arise from the effect of wind or from temperature dif-
ferences which create rising convective air currents 
popularly referred to as the stack or chimney effect. The 
Grimsrud paper provides further background on air 
movement. 
The fact that temperature differences play a major 
role in air movement means that some knowledge of 
heat transfer is necessary to understand water vapor 
movement. A second reason for considering heat trans-
fer is that air is a much more effective medium for mois-
ture transfer than it is for heat transfer. This fact needs 
to be considered in designing solutions for condensa-
tion problems. Ventilation may be used to lower relative 
humidity levels under winter conditions with very lit-
tle heat loss. As an illustration, in a 1,200 square foot 
house with outdoor temperatures of 32 "F. and indoor 
humidity levels at about 50%, a 30 cubic feet per minute 
(CFM) fan operating continuously can lower humidity 
levels to below 40%, a 20% drop. This would only in-
crease heat loss by about 5% (Ten Wolde and Suleski, 
1984). On the other hand, in warm, humid weather 
small amounts of ventilation may actually increase con-
densation problems in crawl spaces where the tempera-
ture may be cooler than outside. In this case, the 
ventilation may be enough to introduce more moisture 
without providing enough heat to warm surfaces in the 
spaces to temperatures above the dew point. 
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. Air move~~nt is important in carrying water vapor 
Into wall cavities and other spaces where condensation 
can occur. It is equally important in removing water 
vapor from these spaces. Wind pressure and tempera-
ture differences produce a continuous exchange of air 
between the inside of a structure and its environment. 
This natural air exchange is expressed in terms of air 
changes per hour (ACH). The greater the wind speed 
and the greater the temperature differences between the 
interior of the home and the outside, the higher the air 
exchange rate. This means that in extremely cold 
weather air exchange rates will be at their highest and 
that in spring and fall conditions, when inside and out-
side temperature are nearly the same, air exchange rates 
will be relatively modest. 
Air exchange rates also vary with the tightness of 
construction of the home. Older homes often have air 
~xchange rates of 3 ACH or higher. Air exchange rates 
tn newer homes have dropped substantially. In some 
cases, the air exchange reductions were incidental to 
changes intended to increase construction efficiency, 
such as the substitution of plywood or similar sheet 
sheathing for boards. In other cases, air exchange reduc-
~io~ ha~ been pursued directly as a means of reducing 
tnftltrative heat loss. The net result of these various 
changes has been that air exchange rates as low as 0.1 
ACH are now being reported. 
There is no widely used standard for ideal residen-
tial ventilation rates. The American Society of Heating, 
Refrigerating and Air-Conditioning Engineers has set a 
standard of 10 CFM per room. However, as Grimsrud 
notes, the recently revised standard specifies 0.35 ACH 
as an acceptable ventilation rate for the whole house. 
Neither of these standards has been widely adopted by 
building codes. This is in part because of measurement 
and enforcement issues. It also reflects debate about 
how the ventilation should be provided. Some parties 
fav?r specifying that mechanical ventilation equipment 
be tnstalled capable of providing the required air ex-
change rate. Others favor a performance standard 
which simply sets the amount of air exchange that must 
be provided in the building and allows the builder 
choices in how the air exchange rate is achieved. 
Surface Temperature 
The third ingredient required for condensation 
problems to occur is appropriate surface temperatures. 
A structure can tolerate much higher interior relative 
humidity levels if surface temperatures remain above 
the dew point. Interior surface temperatures are deter-
mined by the ambient temperature within the space and 
temperature on the exterior side of the surface material. 
This exterior side temperature is affected by the thermal 
insulation value of the materials between the surface 
material and the outside environment. This means that 
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the surface temperature of a heavily insulated wall is 
more likely to be above the dew point than is the sur-
face temperature of a less well insulated wall. It also 
means that when ambient temperatures in a space drop, 
relative humidity will rise and surface temperatures 
will drop, increasing the chances of condensation. Labs 
provides information on how to calculate surface 
temperatures as well as temperatures within walls. 
Condensation is not always apparent. Porous 
materials often adsorb and store the water vapor or con-
densate. This moisture may accumulate to the point that 
degradation of the material occurs. The moisture 
storage ability of materials must be considered when at-
tempting to solve humidity problems. For example, 
there usually is a lag between initiation of remedial ven-
tilation and a drop in humidity because of stored mois-
ture being released from various materials in the space. 
This process of giving up stored moisture is referred to 
as drying out. The processes that cause condensation 
and the wetting of materials are fairly well documented. 
However, the level of knowledge regarding the drying 
out process is not as advanced, particularly for enclosed 
spaces such as wall cavities. 
DAMAGE ASSOCIATED WITH HIGH LEVELS OF 
WATER VAPOR AND CONDENSATION 
Structural Damage 
Various types of structural damage have been at-
tributed to condensation. Damage reports range from 
staining and mold or mildew growth on wall and ceil-
ing surfaces to decay and failure of structural members 
such as floor joists. Interior damage includes staining 
and bowing of gypsum drywall, discoloration and 
deterioration of window sash and framing, wetting of 
attic insulation, and staining of roof rafters. Within wall 
cavities, damage may include wetting of insulation, 
staining and deterioration of sheathing and of structural 
members. On the exterior side of the sheathing, conden-
sation may cause the destruction of building paper, 
bowing of siding, and peeling of paint. In crawl spaces, 
during. the cooling season, condensation and conse-
quent decay has caused structural members to fail and 
floors to give way. Several of the papers in this publica-· 
tion examine condensation-related damage. 
While a wide range of damage is attributed to high 
levels of water vapor and condensation, the magnitude 
of the problem is not known. Angell presents data from 
an investigation of manufactured homes produced by 
one company distributing homes in the upper midwest. 
Some of these homes evidenced fairly severe damage 
linked back to excessive moisture. 
However, damage appeared in only a fraction of the 
homes. Merrill and Ten\\1olde (in press) report data for 
a separate sample of homes produced by the same 
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manufacturer. Structural damage was limited to 35% of 
the 533 homes inspected. In all but 15%, damage in-
volved scattered spots of siding or sheathing damage. 
It should be noted that the sample was developed from 
homeowners who requested inspections. No informa-
tion was available to determine how this biased the 
findings. 
Rose looked at a sample of 670 midwestern homes 
from a more temperate climate. This sample was drawn 
from homes subjected to a home inspection during the 
process of resale. In 5.4% of the inspected homes, 
damage was judged severe enough to require repair. 
Crawl spaces were the most frequent location of 
damage. The procedure used provided information 
only on visible surfaces. Consequently, the extent of 
damage to wall cavities is not known. 
As Dellinger and Herman indicate, condensation-re-
lated damage is also a problem in warm climates, par-
ticularly in homes with crawl spaces. However, their 
paper is one of the few efforts to document the scope of 
the problem. 
There is speculation that the frequency of condensa-
tion-related damage may be higher for newer homes 
which are being built using different construction prac-
tices, which often proquce tighter homes with less air 
exchange. If this is the case, the magnitude of conden-
sation-related problems for homeowners could increase 
in the future. In addition, the effort of occupants to cor-
rect incipient and cosmetic conditions, such as heavy 
condensation on windows and fungal staining on walls, 
must be considered in evaluating the costs of condensa-
tion problems. 
Human Health Concerns 
In addition to structural damage, there is also concern 
about health problems arising from the fungi and other 
organisms that may flourish in the damp conditions as-
sociated with condensation problems. Sieger indicates 
that occupants of homes in which substantial decay has 
been discovered have reported a variety of respiratory 
problems. Fungi are known to aggravate existing health 
problems. However, theextentto which the presence of 
higher than normal concentrations of fungi can cause 
new health problems is not clear. The Sieger, et al, Lane 
and Laquatra and Chi papers address the health issues 
associated with condensation problems. 
Control Strategies 
There are several different approaches to prevent mois-
ture problems from occurring in new construction, and 
a slightly different set of strategies for dealing with 
problems in existing structures. As suggested in Figure 
1, most strategies fall into one of six categories: 
• Decrease the production of water vapor 
• Stop water leaks 
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• Increase ventilation 
• Decrease diffusion and air leaks 
• Keep water vapor away from cold surfaces. 
• Warm surfaces so that all surfaces are above the 
dew point. 
Reduce Moisture Production 
When condensation problems are identified, the first 
step is to look for water leakage. The evaporation from 
water leaking into the home from poor drainage around 
the foundation, plumbing leaks or roof leaks can be a 
major source of water vapor. In addition, the damage 
caused directly by the leaking water itself can be an im-
mediate problem. 
.T~e next step should be to ensure that any exposed 
soil In a basement or crawl space is covered with a 
vapor-retarding material. This is particularly important 
when the wood framing above the exposed soil is like-
ly to be below the dew point. This is the case in warm 
climates when air conditioning is operating in the living 
area above. Properly covering the exposed soil is an im-
portant first step in solving most crawl space problems 
(Moses, 1959). The Labs paper deals extensively with 
controlling condensation problems in foundation areas. 
The third·step is to evaluate the production of water 
from household activity and reduce it where possible. 
Angell and Olson review the contributions attributable 
to the various sources. Firewood storage and indoor 
drying of clothes are prime examples of household 
practices that can introduce substantial amounts of 
water vapor into a home. 
Remove Excess Water Vapor 
Natural Ventilation. Water vapor is constantly being 
remo~ed from a space by the air exchange processes 
des~nbed abo~e. The effectiveness of these processes 
varies, depending on the temperature and pressure dif-
ference factors mentioned in the section on "How Mois-
ture Moves". 
The importance of temperature differences in driv-
ing air exchange has raised questions about the effec-
tiveness of ventilation in removing moisture from 
wel.l-insulated attics under winter conditions. During 
penods of cold weather, the air in well-insulated attics 
is usually only slightly warmer than the outside air. This 
means that its water-vapor-carrying capacity is not 
much greater than that of the outside air. Under these 
con~iti~ns, .replacing atti~ ai~ with outside air through 
ventilation IS not as effective In removing moisture as it 
is when temperatures are warmer. 
Moreover, the rate of ventilation tends to be lower in 
well-insulated attics than in poorly insulated attics. In 
attics that. a~ not well~insulated, heated air leaking 
from the hvtng space nses through the attic and out 
through ridge vents, carrying with it the moisture it ab-
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sorbed in the living space. In well-insulated attics, air 
leaking into the attic will be relatively cool-near the 
outside temperature. Consequently, there is very little 
temperature difference to drive air exchange. Under 
these.co.nditions,. moisture in the air would be likely to 
remain In the attic and condense on available surfaces. 
This does not necessarily mean that dangerous condi-
tions will be created. The temperature conditions are 
likely to be so cool that decay will not occur. When out-
side temperatures rise, sun shining on the roof will 
cause attic temperatures to rise, causing temperature 
differences within the attic, which will drive air ex-
change and dry the attic before decay becomes a 
problem. 
Air pressure differences between the inside and the 
outside of the home are another factor affecting the 
removal of water vapor. One important source of air 
pressure differences is vented combustion equipment. 
Furnaces and boilers, as well as wood-fired heaters and 
fireplaces, consume large quantities of air, which are 
then exhausted through chimneys with combustion by-
products. These vented combustion systems, in effect, 
operate as exhaust systems. Large amounts of indoor air 
esc~pe thro~gh the chimney even when the heating 
e~uipment I~ not oper~ting. In the process, a negative 
au pressure Is created In the heated space. This results 
in exterior air being drawn in through cracks and other 
openings in the structure and inside air being exhausted 
up the chimney. 
Suppl~mental Air Exchange. In newer homes, and 
even I~ older homes that have been carefully 
weathenzed, the natural rate of air exchange may be in-
sufficient to maintain indoor humidity at safe levels. In 
these cases, additional air exchange should be 
provi.ded. In existing homes, this is usually done by in-
creasing the use of exhaust fans already installed in 
kitchens and bathrooms. These are usually more effec-
tive when a window on the opposite side of the home 
is opened to provide a source of replacement air. 
For new construction and for homes in which exist-
ing equipment is not sufficient to solve the problem, 
there are a variety of options. Some systems use con-
tinuous air flow, which provides a constant but low 
level of ventilation. These systems minimize drafts 
duct sizes and fan sizes. Other systems operate o~ 
demand, providing higher levels of air exchange for 
shorter periods of time. Some are controlled by 
humidistats and others manually. 
Most mechanical ventilation systems use fans to ex-
haust air and passive vents to bring in fresh air. 
However, in some cases fans are used for both intake 
and exhaust. In a tight structure, where natural ventila-
tion has been insufficient, an exhaust system will be less 
effective if an opening is not provided for fresh air to be 
introduced. 
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The selection of the most appropriate ventilation sys-
tem depends in part on acceptance by the occupants. 
The best-designed system will be of no value if oc-
cupants refuse to use it. This means that a system must 
not produce unacceptably cold drafts or noise. Con-
tinuous-flow systems should have advantages in these 
two areas. 
Some systems, known as heat recovery ventilation 
systems (HRV) or air-to-air heat exchangers, are 
designed to transfer heat from the exhaust stream to the 
input stream. While these systems reduce the amount 
of heat lost from conventional exhaust systems, the 
energy savings may not be sufficient to justify the ini-
tial costs. HRV systems do have other ad vantages. They 
provide preheated fresh air, reducing the potential for 
drafts and discomfort. 
The Lane, Grimsrud and Sherwood papers discuss 
the effectiveness of various ventilation systems in 
removing excessive moisture. Both natural and 
mechanical air exchange methods are reviewed. 
Dehumidifiers. In some situations, dehumidifiers can 
be used to remove humidity. A dehumidifier operates 
somewhat like an air conditioner: it has a refrigeration 
unit and condensing coils. The coils are cooled below 
the dew point of the surrounding air causing condensa-
tion to occur on them. Residential dehumidifiers are 
labeled with the number of pints of water vapor they 
can remove in a 24 hour period. Capacities range from 
15 to 40 pints of moisture a day. 
There are some drawbacks to dehumidifiers. First, 
they consume energy. A 25-pint model can consume as 
much as 12kiloWatt-hoursperdaywhen working at full 
capacity. Secondly, home models are usually most effec-
tive in temperatures of 65"F. or higher with humidity 
levels above 50%. This means that dehumidifiers may 
not be appropriate for cold weather humidity problems. 
Keep Water Vapor Away From Cold Surfaces 
Condensation on Windows. High humidity levels in 
the home are not necessarily a problem, unless there are 
surfaces below the dew point on which condensation 
can occur. In winter conditions, windows are typically 
the coolest surfaces. Therefore, condensation on win-
dows is common. The problem is sometimes made 
worse when windows are covered at night with shades 
or drapes to prevent heat loss. The covering has the ef-
fect of further cooling the window. Window treatments 
can be effective, if they provide tight edge seals and con-
tain a vapor retarder. Window condensation problems 
can often be solved by adding another layer of glazing 
on the inside to isolate the prime window from the in-
terior air. The added glazing must be tight fitting so that 
air cannot circulate around it. 
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Moisture in Wall Cavities. Most other surfaces inside 
the home are warm enough in the winter that conden-
sation does not occur. However, there are other surfaces 
that must be considered as well. In tight homes, vapor 
and air pressure differences may exist between the in-
side and the outside of the walls, ceilings and floors of 
the home. In such cases significant amounts of moisture 
may diffuse through interior surfaces materials and 
through openings in these surfaces into wall cavities. 
This moisture movement can be particularly sig-
nificant during severe winter conditions when indoor 
humidity levels are high. When the water vapor moves 
into the wall cavity, it may increase the relative 
humidity level in the cavity. The result may be conden-
sation on surfaces within the wall cavity that are below 
the dew point. In severe cases condensation may also 
wet insulation reducing its insulating value or may lead 
to structural decay. In other cases, water vapor does not 
condense within the wall cavity but continues to move 
outward and condenses on the back of exterior siding. 
This can subsequently result in paint failure or bowing 
of siding. 
To eliminate potential problems from moisture dif-
fusing into wall cavities, the installation of vapor retar-
ders has been recommended. Vapor retarders are 
sometimes inaccurately referred to as vapor barriers. 
Vapor retarders are placed on the warm side of insula-
tion so that the surface of the vapor retarder will be 
above the dew point. This means that any water vapor 
that reaches the vapor retarder will remain as water 
vapor and, therefore, not cause any damage. 
There is now some question about the utility of vapor 
retarders in many applications. Research by Tsongas 
(1980) and others has found little evidence of wetting 
within wall cavities attributable to diffusion. When 
moisture is found, it has usually been traced to air leaks 
or to liquid water leaks. However, the same material 
(e.g. polyethylene film) commonly used as a vapor retar-
der is often used as an air leakage barrier. This has led 
to some confusion about the distinction between a 
vapor retarder and an air barrier. 
A vapor retarder is a material that retards the trans-
mission of water vapor to an acceptable standard. For 
residential construction, the standard has been 1 penn. 
A material with a penn rating of 1.0 lets no more than 
one grain of water vapor through an area of one square 
foot in one hour when subjected to a vapor pressure dif-
ference equivalent to one inch of mercury (ASTM C 755 
-85). The vapor retarder standard for residential con-
struction is in the process of being changed to 0.1 penn. 
While the American Society for Testing and Materials 
(ASTM) construction standards recognize that vapor 
retarders may have a secondary function as air barriers, 
the necessary properties of an air barrier may be quite 
different, so they should not be considered identical. 
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Because of the doubts about the utility of vapor retar-
ders, some sources including Lstiburek (1983), have 
proposed an alternate approach to preventing air move-
ment into wall cavities. This approach, known as the air-
tight drywall approach (ADA), focuses on gasketing all 
openings into the wall and does not incorporate 
separate air barrier materials. 
Warm Surfaces 
The fourth approach to solving moisture problems is to 
warm surfaces where condensation is occurring so that 
they are no longer below the dew point. The simplest 
way to do this is by increasing the temperature in the 
space. This will result in an increase in the temperature 
of the surfaces as well. It is also possible to increase air 
circulation so that more warm air passes by the cool sur-
face. A lack of air circulation has been suggested as a 
potential problem in homes with various types of radi-
ant heat, hydronic or electric baseboard in particular. 
A long-term solution for cold surfaces is to provide 
better insulation in the problem areas. An example is a 
closet on an outside corner of a home. If the walls of the 
home are not well insulated, the closet walls may be-
come particularly cold since the flow of heated air to the 
closet may be restricted by a door and the contents of 
the closet. Moisture, nevertheless, will diffuse into the 
closet. Condensation can follow, and if temperatures are 
right, mold and mildew can grow. Adding insulation to 
the closet walls can often solve this problem. 
SUMMARY 
Condensation problems in homes can run from minor 
annoyances to severe structural damage. This paper 
and others in this publication demonstrate that conden-
sation-related problems arise from a complex systems 
of interacting causes. Sources of water vapor, con-
centrations of water vapor, moisture and air movement, 
and temperature are factors in this system. The success-
ful quest for solutions to condensation-related 
problems requires a further understanding of the in-
dividual factors as well as an understanding of how the 
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various factors interact under particular conditions. 
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Background 
Moisture damage associated with elevated winter in-
door humidity in cold climate housing remains a con-
troversial issue. Moisture problems were common in 
new homes built in the late 1940s and early 1950s, espe-
cially in small, tight, prefabricated homes, as well as in 
small all-electric homes in the early 1960s, and in mobile 
homes in the 1970s. The problems included exterior 
paint peeling, delamination of plywood roof sheathing, 
attic frost, room comer frost, mildew, and window and 
wall condensation. 
In the early 1980s, the Canadian Mortgage and Hous-
ing Corporation received indications of moisture-in-
duced problems in housing built from 1973 to 1981. 
Subsequent investigations revealed that at the time of 
inspection, about 6% of the homes had serious un-
repaired moisture problems significant enough to cause 
a financial loss. The problems included mold and mil-
dew, window condensation, attic condensation, wall 
cavity condensation, and siding damage. 
To reduce the risk of damage due to excessive 
humidity, homeowners are routinely advised to control 
or lower indoor humidity as outdoor temperatures 
drop. Homeowner efforts to do so are not always suc-
cessful. Contractors and others are often at a loss to ex-
plain what sources are contributing to excessive 
humidity and how to correct or prevent moisture 
problems. In part, this difficulty is associated with two 
points. First, current professional knowledge is often 
based on secondhand citation of research reported 40 
years ago (Hite, S. C. and J. L. Bray. Research in Home 
Humidity Control. West Lafayette, IN: Purdue Univer-
sity, 1948, in ASHRAE Handbook: 1983 Equipment 
Volume). Second, it is difficult to quantify the amount of 
moisture that can be contributed by several potentially 
significant sources. These sources include moisture as-
sociated with soil gas leakage through foundations, 
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moisture brought into the house during mildly cold 
periods due to air leakage, moisture related to failure of 
combustion venting (such as chimneys), and release of 
moisture stored in building materials and furnishings. 
This paper identifies references on a variety of mois-
ture sources that can contribute to excessive humidity 
in cold climate housing. The accompanying chart sum-
marizes a range of potential household moisture sour-
ces, from minor to major, that may be continuous, 
long-term, or short-term. A brief discussion of each 
potential moisture source follows. 
Generalizations 
There are many potential sources of moisture associated 
with excessive winter humidity in cold climate housing. 
Research on the interplay of home moisture sources is 
incomplete. Moisture generation and release rates in a 
home are often site-and occupant-specific; that is, mois-
ture generation and release must be examined on a case-
by-case basis and require individualized treatment. 
Although symptoms of excessive moisture usually can 
be easily seen, some sources of moisture are difficult to 
detect and may be costly to control. 
Despite the individualized nature of moisture sour-
ces and problems, the following generalizations may be 
helpful: 
• Newly constructed houses release elevated levels 
of moisture from building materials, especially 
during the first heating season. 
• Certain types of conditions are related to excessive 
winter condensation. One such condition is a large 
number of people living in a small, tight house that 
lacks adequate ventilation. 
• Discretionary human activities or practices may 
contribute unnecessary moisture and can be al-
tered at little or no expense. Such activities or prac-
tices include indoor clothes drying, indoor venting 
of a clothes dryer, indoor firewood storage, use of 
a humidifier, use of an unvented kerosene space 
heater, and cooking in uncovered pans. 
• Difficult to detect sources can contribute stagger-
ing amounts of moisture. Examples include 
ground moisture migration through basement 
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floors and walls, backdrafting or spillage of com-
bustion exhaust gas into the home, plumbing 
leaks, rain penetration, and snowmelt leakage. 
• House materials and furnishings absorb moisture 
during non-heating seasons and release moisture 
during the heating season. This release of moisture 
is generally related to condensation problems 
during the beginning of the heating season. These 
problems are often intensified by the reduced ef-
fectiveness of ventilation due to the high outdoor 
humidi.ty that is common in the fall. 
• Moisture problems can be compounded by certain 
building practices or components that result in 
cold surfaces or allow moisture laden air to move 
freely into insulated cavities. Examples include 
windows that have loose fitting interior sashes and 
tight exterior storms, air leakage from the house 
into wall or roof cavities, open top cores in concrete 
block foundation walls, improperly placed vapor 
retarders, little air circulation in clothes closets on 
exterior walls, shower stalls on exterior walls, tight 
doors on kitchen cabinets on exterior walls, can-
tilevered floor-wall sections, and exterior air 
leakage under ceiling insulation. 
• Although moisture sources are commonly cited as 
"fixed rate" or fixed amount per activity (as 
reflected in this paper), the rate of moisture con-
tributed by a source is related to indoor humidity 
level. For example, the rate at which floors dry, 
clothes dry, perspiration evaporates, plants 
transpire, and materials release moisture is inver-
sely related to indoor humidity. Furthermore, it ap-
pears that some moisture sources, such as those as-
sociated with below and aboveground air leakage 
into the home, are dependent on the natural air 
leakage out of the home. 
Effective moisture management strategy begins with 
reducing unnecessary moisture generation in the home 
and then limiting moisture migration into the structure. 
The second aspect involves sealing inside cracks, trim, 
and plumbing as well as wiring penetrations to lessen 
moisture transfer by air leakage into window, ceiling 
and wall cavities. Third, a moisture management 
strategy usually involves a mechanical ventilation sys-
tem. Such as ventilation system should be properly 
designed and installed and may include heat recovery 
for comfort as well as energy efficiency. 
SOURCES OF HOUSEHOLD M,OISTURE 
Aquariums 
Aquariums are not commonly considered to be sig-
nificant sources of household humidity. The amount of 
humidity contributed is equal to the amount of water 
added to replace evaporative loss. 
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Attached Greenhouses 
If a horticultural greenhouse is directly attached to the 
home and if greenhouse air is vented into the home, 
home humidity may become excessive. It is not pos-
sible to generalize from existing literature about the 
humidity load of a greenhouse. 
Bathing 
Moisture added through bathing is a relatively small 
amount: 0.1 pint for a standard sized tub bath and 0.5 
pint for a 5-minute shower. Humidity can be reduced 
during showering by using the lowest comfortable 
water temperature and by running an exhaust fan 
during and for about 20 minutes after showering or 
using a fan that is shut off by a humidistat control. The 
humidity added is a function of water temperature and 
flow rate; it is greatest for the initial minute and in-
creases with higher water temperature and flow. Exist-
ing estimates of moisture released from bathing 
apparently do not take into account moisture released 
from towels, washcloths, and bath mats or rugs, or from 
hair drying. 
Clothes Washing and Drying 
Moisture added through clothes washing is assumed to 
be zero in an automatic washing machine directly dis-
charging to a drain. Clothes drying adds minimal mois-
ture unless clothes are dried on a line indoor or in a 
clothes dryer that is vented indoors. Non-vented, con-
denser clothes dryers are available; the moisture col-
lected can be drained into a standpipe. The amount of 
water retained in a standard (8 lb.) load of clothes 
(primarily cotton) after the spin of the washing machine 
cycle is 4.68 pints. A short rather than normal spin 
retains about 1 additional pint per load. About 0.5 pint 
of additional water is retained with a cold rather than a 
warm rinse; the temperature of rinse water is a bigger 
factor when a short spin is used. Humidity addition 
during the actual washing process occurs when water 
is drained into rinse tubs rather than a standpipe or if 
the machine is filled manually and the wash lid is left 
open for any period of time. Evaporation occurs more 
rapidly with higher temperature water. 
The Purdue estimate of moisture release from clothes 
washing and drying for a family of four per week (26 
pounds of clothes) is 4.16 pints in a wringer washing 
machine and 25.32 pints for indoor hang drying of 
washed clothes. 
Combustion Exhaust Gas Backdrafting or Spillage 
Incomplete exhaust of fossil fuels used to heat the home 
can be an unsuspected source of a large amount of 
winter indoor humidity. When burned, fuels combine 
with oxygen to produce heat, carbon dioxide, water, 
and other byproducts. A recent Canadian study of 1,000 
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houses found that 10% of gas-heated houses and a 
greater percentage of oil-heated houses had excessive 
spillage (short-term partial venting failure). In another 
Canadian study of 100 "problem-prone houses," 36% of 
the homes had chimney backdrafting (complete ongo-
ing chimney reversal) and 34% had chimney spillage. A 
majority of the problems related to oil or gas furnaces, 
followed by fireplaces. 
The Purdue study places the moisture contribution 
due to an unvented gas water heater used by an average 
family of four at 4.67 pints per day. The specific amount 
of humidity attributed to exhaust gas backdrafting or 
spillage in any home is ideally zero. One reference 
places the potential amount at 1 gallon (8 pints) of mois-
ture per gallon of oil burned in non-vented oil-fired 
equipment and, in North Carolina, up to 840 gallons 
(6,720 pints) of moisture per heating season in non-
vented gas-fired heating equipment. (The amounts 
would be higher in colder climates, depending on 
operating time and equipment efficiency.) Another 
reference places natural gas moisture production at 1 
gallon (8 pints) per 1,000 cubic feet of gas burned. An 
experimental portion of the Purdue study indicated that 
the water formed when burning 100 cubic feet of natural 
gas was 1.86 pints; with propane, it was 3.84 pints. 
Since spillage or backdrafting poses a life-threaten-
ing risk of carbon monoxide poisoning, suspected 
problems should be examined immediately by a com-
petent service person. 
Combustion in Unvented Kerosene Heaters 
Humidity attributed to the use of unvented kerosene 
space heaters apparently has not been well docu-
mented. Various estimates place the moisture contribu-
tion at about 7.6 pints of moisture per gallon of 
kerosene. Since the fuel consumption of an 8,000 to 
20,000 BTU /hour space heater ranges from about 1 I 4 
to 1/2 quart of kerosene per hour, the moisture released 
would be about 0.5 to 2 pints per hour. 
Cooking 
Humidity added through cooking is less when food is 
cooked at a simmering temperature or lower and when 
a tight fitting lid is used. Cooking food at a "boil" 
temperature, with or without a lid, can add 0.5 pint or 
more of moisture every 10 minutes. 
7-jnch Qan 6-inch Qan 
temperature lid on lid off lid on lid off 
Simmer at 203 F. less than 0.20 less than 0.13 
for 1 0 minutes 0.01 0.01 
Boil 1 0 minutes 0.6 0.65 0.48 0.57 
The Purdue average estimate of moisture released 
from cooking typical meals for a family of four is 0.35 
pint for breakfast (plus 0.58 pint if gas range), 0.53 pint 
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for lunch (plus 0.68 if gas range), and 1.22 pints for din-
ner (plus 1.58 pints if gas range). Moisture release varies 
greatly according to the cooking methods. Most of the 
water vapor generated during cooking can be removed 
with an exhaust system. 
Desorption of Moisture from Materials 
(Construction and Furnishings) 
Moisture released from construction materials and fur-
nishings can be very significant, although difficult to 
quantify. Building materials commonly used in houses, 
such as concrete, gypsum, and wood, as well as furnish-
ings have hygroscopic characteristics; that is, they ab-
sorb moisture when humidity is high and release 
moisture when humidity is low. These changes may be 
very significant, especially following construction. 
They are gradual on daily and seasonal cycles, depend-
ing partially on temperature change. For this reason, 
there is current interest in the impact of large night-time 
temperature setback and in changes associated with 
wood burning stoves and closure/ opening of rooms. 
Seasonal Desorption 
The equilibrium moisture content (MC) of wood is 
11.0% (weight of water) at 70°F. and 60% relative 
humidity (RH) and 6.2% at 70r. and 30% RH. The first 
condition is likely to be common during the non-heat-
ing season, whereas the second is likely to be common 
during the winter. Hansen estimates that 211 pints of 
water each year are released during heating seasons by 
wood flooring and framing assemblies that gained 4% 
MC in a 1,200-square-foot one-story house with a full 
basement. 
Quirouette places the amount of seasonally released 
moisture in a 34 cubic yard concrete foundation at 1,268 
pints or about 10.5 pints per average day. In total, he es-
timates that all materials and furnishings release an 
average of 6.3 to 17 pints per average day from seasonal 
storage alone (more in the fall and early winter, less in 
later winter and spring). 
Release of moisture during the heating season can be 
compounded by condensation inside wall and ceiling 
cavities. One roofing consultant attributed apparent 
roof leaks to condensation due to leakage of warm in-
door air into roof cavities. An engineer in an experimen-
tal study found that the cold side of the top plate in 
north facing wall test panels (72 r. and 50% RH interior 
with an exterior vapor retarder (not recommended) in-
creased from about 10% MC in November to about 80% 
in late May. Field studies at the U.S. Forest Products 
Laboratory in Madison, Wisconsin, indicated that: 
• Moisture content at the siding-sheathing interface 
exceeded 20% from December to April in insulated 
wall panels lacking a membrane vapor retarder. 
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• Application of two coats of vapor-resistant paints 
to interior wall surfaces reduced wall moisture 
content more effectively than did exterior l-inch 
diameter vents. 
• Moisture content at the siding-sheathing interface 
cycled with cool summer nights and warm, dry 
days (especially with sun exposure). 
• No condensation occurred from January through 
February in walls with unpenetrated 6-mil 
polyethylene vapor retarders, whereas condensa-
tion did occur behind electrical outlets. 
Heating season saturation of wall and ceiling cavities 
can contribute to undesirable winter indoor humidity 
levels and increased potential for rot and fungus 
growth as outdoor temperatures rise in the spring. 
New Construction Desorption 
Building materials also can gain moisture during con-
struction when exposed to weather. Concrete and mor-
tar also release moisture as they slowly cure. According 
to Canadian research, the moisture input of construc-
tion materials is about 50% greater than that of oc-
cupant-produced moisture in the first year after 
construction. In an "average (new) Canadian house," 
about 420 pints, or more than 50 gallons, of moisture 
were attributed to lumber drying from 19% MC to 
OVERVIEW OF HOUSEHOLD MOISTURE SOURCES 
Moisture source by type 
Household produced 
Aquariums 
Bathing: tub (excludes towels and spillage) 
shower (excludes towels and spillage) 
Clothes w'ashing (automatic, standpipe discharge) 
Oothes drying: vented outdoors 
not vented or indoor line drying 
Combustion unvented kerosene space heater 
Cooking: breakfast (family of four, average) 
lunch (family of four, average) 
dinner (family of four, average) 
simmer at 203 "F. 10 minutes, 
6-inch pan (plus gas) 
boil10 minutes, 6-inch pan (plus gas) 
Dishwashing: breakfast (family of four, average) 
lunch (family of four, average) 
dinner (family of four, average) 
Firewood storage indoors (cord of green firewood) 
Floor mopping 
Gas range pilot light (each) 
House plants (5-7 average plants) 
Humidifiers 
Pets 
Respiration and perspiration (family of four, average) 
Refrigerator defrost 
Saunas, steambaths, and whirlpools 
Vegetable storage (large-scale storage is significant) 
Nonhousehold produced 
Combustion exhaust gas backdrafting or spillage 
Desorption of materials: seasonal 
new construction 
Ground moisture migration 
Plumbing leaks 
Rain or snowmelt penetration 
Seasonal high outdoor absolute humidity 
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Estimated moisture amount (pints) 
Replacement of evaporative loss 
0.12/standard size bath 
0.52/5-minute shower 
0+ /load (usually nil) 
0+ /load (usually nil) 
4.68-6.18/load (more if gas dryer) 
7.6/ gallon of kerosene burned 
0.35 (plus 0.58 if gas cooking) 
0.53 (plus 0.68 if gas cooking) 
1.22 (plus 1.58 if gas cooking) 
.01 if covered, 0.13 uncovered 
0.48 if covered, 0.57 uncovered 
0.21 
0.16 
0.68 
400-800/6 months 
0.03/square foot 
0.37 or less/day 
0.86 to 0.96/ day 
0-120+ I day (2.08 ave./hour) 
Fraction of human adult weight 
0.44/hour (family of four, ave.) 
1.03 I day (average) 
0 to 2.7+/hour (see text) 
0+ (see text, not estimated) 
0 to 6,720+/year 
6.33 to 16.91/average day 
10+ I average day 
0 to 105/day 
0+ (see text, not estimated) 
0+ (see text, not estimated) 
64 to 249+ I day 
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average conditions and about 5,000 pints, or over 625 
gallons, of moisture were attributed to a concrete foun-
dation. Assuming an 18-month drying period, it is es-
timated that, on the average, 8 to 10.5 pints of moisture 
are released per average day (more initially). 
Construction material moisture absorption and 
release can be a very important factor, but it is difficult 
to quantify in specific houses. 
Dish washing 
Moisture added during hand dishwashing is greatest 
during the hot water rinsing of dishes. Warm water 
should not be substituted for hot water rinsing because 
of the sanitation factor. Humidity can be reduced by 
eliminating any unnecessary running of water such as 
rinsing under a continuously running faucet. Moisture 
addition during machine dishwashing is minimal; in 
some dishwashers the moisture left on the dishes is 
released to the room. 
The Purdue estimate of moisture release from hand 
dishwashing for a family of four is 0.21 pint for break-
fast, 0.16 pint for lunch, and 0.68 pint for dinner. 
Firewood Storage Indoors 
Firewood, just like building materials, releases moisture 
when it is saturated and humidity is low and absorbs 
moisture when it is dry and humidity is high. The 
amount of moisture in firewood depends on species, 
portion of sapwood and heartwood content, and degree 
of seasoning or dryness. The moisture in green or un-
seasoned firewood ranges from about one-third to 
double the weight of oven-dry wood. The amount of 
water in green firewood is estimated at 90 gallons or 720 
pints per ton of wood (at 60% M C) to 435 gallons or 3,480 
pints per cord of "typical" firewood. 
Dried or seasoned firewood that has been stacked 
outdoors in a sunny open area for at least 6 months of 
favorable drying weather will have about 40 gallons or 
320 pints of water per ton (at 20% MC). This amount of 
firewood is equal to about one-half cord of white oak, 
three-fourths cord of paper birch, or one cord of aspen. 
Stored indoors, moisture content will generally drop to 
6-11%, thus releasing about 20 gallons or 160 pints of 
humidity. A Canadian building scientist estimates that 
a 10% drop in moisture content of a cord of firewood 
releases about 275 pints (softwood) to 530 pints 
(hardwood) of water. He further estimates that three 
cords of firewood used over a 6-month heating season 
release about 10.5 pints per day. The rate at which this 
drying occurs depends on temperature and humidity. 
Floor Mopping 
Moisture added through floor mopping is usually 
minor. The moisture is estimated in the Purdue study 
to be approximately 0.03 pint per square foot of floor 
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area washed and rinsed with a tightly wrung 24-ounce 
mop. 
Frost-Free Refrigerator 
Refrigerator defrost is not a significant source of 
household humidity. One manufacturer has estimated 
that 7.2 pints of moisture per week evaporate from an 
automatic defrost refrigerator-freezer. The user initiates 
the defrosting of a manual defrost refrigerator and of 
the freezer section of a cycle defrost refrigerator-freezer; 
defrost water collecting in the drain pan can be emptied. 
Gas Range Pilot Lights 
Gas range pilot lights are less common today due to 
energy conservation concerns. Two pilot lights would 
consume no more than 350 BTU /hour of gas and could 
produce insignificant moisture (0.74 pint per day). 
Ground Moisture Migration 
Humidity attributed to vapor and capillary migration 
of moisture from saturated soil through crawl spaces or 
basements is not commonly estimated in traditional 
residential moisture literature. Nevertheless, the 
humidity load associated with soil moisture migration 
is generally believed to be staggering. A Canadian Na-
tional Research Council authority has stated that as 
much as 85 to 105 pints of moisture per day can be 
released by exposed soil in a crawl space. Research per-
formed more than 30 years ago at the U.S. Forest 
Products Laboratory indicated that 97 pints per day of 
moisture evaporated from a 1,000-square-foot surface 
of finely textured soil when the water table was located 
30 inches below the surface. Furthermore, testing at this 
laboratory found the following rates of moisture trans-
fer through 1,000-square-foot, 4-inch concrete slabs lo-
cated over a loam soil with the water table 12 inches 
below the slab. 
• 191/2 (19.6) pints with unfaced kraft paper over4 
inches of coarse washed gravel. 
• 4 1/2 (4.64) pints with a two-layer, 15-pound as-
phalt felt, hot-mopped membrane-over 4 inches of 
coarse washed gravel. 
• 7 3/4 (7.76) pints with a one-layer, 15-pound as-
phalt felt, hot-mopped membrane over 4 inches of 
coarse gravel. 
• 2 (1.94) pints with a one-layer, 45-pound felt, hot-
mopped membrane over 4 inches of coarse washed 
gravel. 
• 15 (15.2) pints with a one-layer, 15-pound felt, hot-
mopped membrane over 4 inches of coarse washed 
gravel and a waterproofing admixture in the con-
crete slab. 
• 9 (8.88) pints with unfaced kraft. 
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One of the conclusions of this study was that heating 
the slab appeared to increase the transmission of mois-
ture if no vapor retarder was provided. Recommenda-
tions included use of a membrane vapor retarder (also 
serves as a capillary retarder), waterproof membranes 
on below ground walls as well as perimeter wall, and 
under-floor drainage. Quirouette, reporting on early 
results from a Canadian study, indicates that 4 1/4 to 6 
1/3 pints of moisture pass through average basement 
walls and floor per day. The amount may be as much 
as 17 to 21 pints per day in concrete block walls that are 
visibly wet for several feet above the floor around the 
entire perimeter. Furthermore, he calculates that an 875-
square-foot flooded basement would vaporize at 12.5 
pints per hour. Finally, he notes that saturated soil gas 
leakage into a basement may contribute to elevated 
home humidity (amount not estimated). Two other 
Canadian researchers, White and Skover, agree with 
Quirouette and note" ... there is now more -reason to 
believe that soil gas may be a major contributor of water 
(as it is of radon) ... ". 
House Plants 
Moisture added through transpiration of house plants 
is estimated in the Purdue study to be about 1 (.96) pint 
per day for seven common variety plants in three sizes 
of containers "watered thoroughly once each day" or an 
average of 0.04 pint per hour. With daily watering, the 
amount of water vapor appeared to depend on plant 
size and type and little on the amount of water added. 
Weekly watering of plants is believed to be a more com-
mon commercial and residential practice, however, so 
the Purdue estimate of plant moisture contributions 
may not be valid. Canadian research places house 
plants at a lower level: about 0.4 liter or slightly more 
than 0.8 pint for "5 average size plants/ day". Taking 
into account variations in number, size, and species of 
plants as well as household plant watering practices, 
one may wish to estimate plant moisture contribution 
to be an amount equal to the water periodically added 
to plants in the home. 
Humidifier 
Moisture added through mechanical humidification 
(portable or furnace mounted) depends on a number of 
factors, including the rated capacity of the humidifier. 
Portable household humidifiers are rated by capacity; 
the large models are capable of adding 96 to 120 pints 
of moisture per day to the home. The Purdue-moisture 
estimates place the average furnace-mounted 
humidifier contribution at 2.09 pints per hour. Since 
humidifier use is highly variable, it may be best to es-
timate contribution on a case-by-case basis. NOTE: 
Using a humidifier in a tight home generally is not 
necessary. Indoor relative humidity may feel different 
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to different people, and inexpensive humidity gauges 
may , be inaccurate. In general, then, humidifier use 
should be approached with caution. Some people use 
humidifiers to reduce winter upper respiratory 
problems, even though they may experience adverse 
reactions to mold due to high humidity intensified by 
humidifier use. 
Pets 
Moisture attributed to the breathing of pets is usually 
minor, although it apparently has not been docu-
mented. It may not be unreasonable to assume that pets 
contribute moisture to indoor air in a ratio propor-
tionate to the body weight of adult humans. 
Plumbing Leaks 
Moisture added through plumbing leaks is difficult to 
measure, although it may be especially important in 
specific cases. Leaks may include drain lines saturating 
the basement floor or crawl spaces and deteriorated 
mortar in shower stalls that allows saturation of 
wallboard. 
Rain or Snowmelt Penetration 
Moisture attributed to rain or snowmelt penetration 
through the building en vel ope is highly variable as well 
as site-specific and, therefore, is not commonly or easi-
ly estimated. Examples of such penetration include: 
roof leakage due to ice damming, roof flashing failure, 
deteriorated caulking that allows wind-driven rain to 
penetrate around door or window casings, and capil-
lary seepage through siding laps. 
A limited amount of research has examined weather 
data in Canada and Great Britain. These studies have 
computed driving rain indexes that measure combined 
rainfall, wind speed, and wind direction on the assump-
tion that exposed exterior building component 
deterioration is proportional to these factors. Initial ef-
forts identified exposure gradings. The Canadian grad-
ings ranged from 1 (sheltered) to 13 (severe), with ocean 
coastal areas generally rated as severe, eastern Great 
Lakes and St. Lawrence River areas generally rated as 
moderate, and interior areas generally rated as shel-
tered. 
Climate and micro-climate factors are important 
with respect to potential rain or snow penetration. 
Proximity to large bodies of water, especially on 
downwind locations, may be relevant. 
Respiration and Perspiration 
Moisture added through human breathing and sweat-
ing is estimated in the 1948 Purdue study as about 0.45 
or 0.46 pound (0.44 pint) per hour for an "average fami-
ly of four". This value reflects 0.45 pound per hour at 
night when the family is resting and 0.46 pound during 
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the day when the husband is away and others are ac-
tive. Human-contributed humidity becomes important 
as a continuous source in small and tight houses with 
many occupants. It may also be important as a short-
term moisture source when a large number of addition-
al people are in the house (for parties, family 
get-togethers, etc.). 
Seasonal High Outdoor Absolute Humidity 
During the mild portion of the heating season the ab-
solute moisture content of cool outdoor air may briefly 
exceed that of warm indoor air. This situation may be 
most relevant during the fall, when it can retard the ef-
fectiveness of ventilation in reducing indoor humidity. 
A recent Canadian study of 14 homes tested in the late 
winter I early spring revealed that between 64 and 249 
pints of moisture per day were brought into the houses 
due to above-grade air leakage-an amount several 
times greater than that assumed to be produced by a 
typical family of four. 
Vegetable Storage Indoors 
Moisture added through indoor storage of fresh 
vegetables, such as potatoes and onions, apparently has 
not been estimated. Isolated reports by building offi-
cials of excessive winter humidity attributed to large-
scale indoor storage of potatoes have been received. 
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Whirlpools, Steam Baths, and Saunas 
Moisture added through whirlpools, steam baths, and 
saunas is not commonly estimated or known. Humidity 
contribution from a sauna is generally minor because 
usually only small quantities of water are poured over 
hot rocks (for example, one dipper of a pint or less of 
water at a time). A residential steam bath generator uses 
about 6 to 8 pints of water per bath, which should be lar-
gely contained in a tight steam bath enclosure. 
Humidity from a whirlpool depends on water tempera-
ture (generally around 95 'F.) and amount of exposed 
agitated water surface. Quirouette calculates that the 
moisture generated from a square foot standing pool of 
78 'F. water in a room at 68 'F. and 50% RH is 0.05 pint 
per hour. With standing water temperature at lOO'F., 
this amount increases to 0.075 pint per hour (for a 6x6 
hot tub with lOO'F. standing water, moisture generated 
would be 2.7 pints/hour). In an equal size whirlpool, 
water-air jets would increase this amount. 
The partial financial support of Exxon Oil Overcharge fu~ds 
administered by the U.S. Department of Energy and Mtn-
nesota Department of Public Service, grant number DE-
F602-76CS60014 is acknowledged, but the authors assume 
complete responsibility for the contents herein. 
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Condensation-Related Problems in Cold-Climate Panelized 
Houses 
W.J.Angell 
Professor and Extension Specialist 
University of Minnesota 
Cold Climate Housing Information Center 
St. Paul, Minnesota 
Moisture conditions in homes have a lengthy and con-
troversial history. Studies have documented condensa-
tion-accelerated failure of building components in 
housing since at least the 1940's (Hite & Bray, 1948, An-
gell & Olson, 1988). A consensus view is reflected in 
American Society for Testing and Materials (ASTM) 
Standard Recommended Practices for Increasing Durability 
of Building Constructions Against Water-Induced Damage 
(E 241; 1984, p. 438). "Except for structural errors, about 
90% of all building construction problems are as-
sociated with water in some way." The financial im-
plications of water-induced damage are reflected in the 
fact that, annually, about $100 billion are spent in the 
United States on residential maintenance-repair and 
improvement (U.S. Bureau of the Census, 1987). Fur-
thermore, in heating dominated regions or cold 
climates, condensation-related deterioration often in-
terfaces with concerns about health effects of indoor air 
quality (Sterling, Arundel, & Sterling, 1985; Hatch As-
sociates, 1983). 
In 1986, reports appeared of accelerated moisture 
deterioration and adverse indoor air quality in anum-
on-site assembly and preparatory work often occurred 
in local jurisdictions that did not enforce a building 
code. 
The reported problems included window casing 
decay due to severe condensation, siding and exterior 
paint damage, sheathing decay, interior mold and mil-
dew, increased heating cost due to insulation deteriora-
tion, and poor indoor air quality. These problems 
prompted TSH residents' concerns about cost-effective 
repair strategies and desire for public financial assis-
tance since diminished home equity was insufficient 
collateral for repair loans. These problems also were re-
lated to TSH owners' inability to sell the home due to 
adverse mass media coverage and health concerns. 
The reports of TSH residents' problems stimulated 
investigations by State agency-University teams in Wis-
consin and then Michigan and Minnesota. Attention to 
the TSH issues is reflected in issues of Energy Design Up-
date (Nisson, 1987a, 1987b), Energy Efficient Building 
Design Technical Papers (Angell, Fagerson, Lane & Mer-
rill, 1987) and Proceedings of the BOth Annual Meeting of 
the Air Pollution Control Association (Sieger & Fiore, 
ber of Tri-State Homes (TSH). 
The houses were manufac-
tured from 1970 to 1985 by 
TSH, Inc. of Mercer, Wis-
consin, now liquidated, 
using closed panelized and 
modular components. Ap-
proximately 5000 houses 
were assembled by TSH 
crews on buyer or dealer 
prepared foundations, 
primarily in Wisconsin, 
eastern Minnesota and the 
upper peninsula of 
Michigan. Although 
prefabricated components 
shipped into Minnesota 
after July 1, 1972, were sub-
ject to in-plant inspections, 
Table 1. Assessment Approaches and Number of Observations 
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Phase 
Preliminary inspection by transdisciplinary teams 
Occupancy analysis by mail survey 
Detailed inspection and testing 
Ventilation rate 
test by fan pressurization method (E 779) 
test by tracer dilution method (E 741) 
Indoor air quality 
carbon dioxide 
relative humidity 
total airborne particulates 
other (formaldehyde, radon, etc.) 
Moisture generation and removal rate 
Thermographic (Infra-red) analysis 
interior 
exterior 
Resident health analysis 
household health and occupational questionnaire 
clinical examination and testing 
Wood moisture content sampling (D 2016) 
Sheathing paper water vapor transmission rate (E 96) 
Reported site inspections 
Pre-post-repair analysis 
Michigan 
unreported 
0 
0 
1 
0 
0 
0 
0 
0 
0 
1 
1 
0 
Minnesota 
9 
217 
9 
0 
5 
9 
0 
0 
7 
9 
7 
0 
0 
3 
0 
9 
2 
Wisconsin 
12 
1400 
unreported 
4 
195 
211 
195 
195 
0 
4 
0 
195 
449 
0 
0 
533 
4 
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1987). This attention reflects the importance profes-
sionals place upon TSH as a test of standards concern-
ing energy-efficient, safe and durable residential 
construction and repair. 
This paper describes assessments of Michigan, Min-
nesota and Wisconsin investigators. The methods in-
clude preliminary case study field inspections, mail 
surveys, comparative health screening and environ-
mental health assessments, site inspections and in situ 
ventilation system testing. The results are presented and 
discussed with emphasis upon the Minnesota portion 
of study. 
PROCEDURE 
The basic approach for assessing TSH conditions is 
reflected in Table 1. This outline summarizes building 
inspection and evaluation procedures proposed by 
Stern (1985) and Hartkopf, Loftness & Mill (1985), ac-
cording to the specific techniques employed by the 
evaluation teams. 
Wisconsin Assessment 
In July, 1986, the Wisconsin Governor formed a task 
force to address TSH issues. The Task Force sent a mail 
questionnaire to approximately 2700 Wisconsin TSH 
purchasers. 
Members of the Task Force visited 12 TSH' sin north-
em Wisconsin. Half of these homes were selected be-
cause occupants reported serious moisture problems. 
The other owners had not reported moisture damage. 
The majority of homes examined by the Wisconsin Task 
Force had evidence of moisture damage ranging from 
minor interior surface condensation to localized decay 
of wall sheathing and framing, and extensive mold and 
mildew, (State of Wisconsin, 1986). Moisture problems 
were thought to be associated with basement damp-
ness, number of occupants and lack of adequate air ex-
change resulting in excessive winter indoor l'lumidity 
and thus, due to an ineffective interior vapor retarder, 
condensation on the inside of plywood wall sheathing. 
The use of an asphalt-impregnated reinforced kraft 
sheathing paper may have retarded the drying of 
saturated walls (Merrill, Marx, Ten Wolde & Wrzeski, 
1986). 
Wisconsin offered free site inspection to 2700 TSH 
owners in the state. About 650 owners accepted the offer 
(it is unknown how representative this sample may be 
of TSH' s). About 39% of the 533 Wisconsin TSH' s in-
spected by early January, 1986, had moisture damage to 
building materials: 20% with less than 100 square feet 
of damaged walls; 14% with 100 to 250 square feet of 
damage; and 5% with over 250 square feet of damage ( 
Marx, 1987). Half the homes showed signs of high in-
terior humidity. Only 35% of the inspected homes had 
exhaust ventilation, 26% had fresh air intakes, and 22% 
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had automatic controls to manage humidity via ventila-
tion. "More homes showed symptoms of high humidity 
than actually showed building damage. Homes with 
high humidity but not building damage may be subject 
to damage in the future unless ventilation or other mois-
ture control measures are taken to reduce indoor 
humidity'' (Marx, 1987, p. 6). 
The Wisconsin Department of Health and Social Ser-
vices (DHSS) (Marx, 1987) summarized a two-phase 
study of TSH environmental health issues: 1) a mail sur-
vey of the state's TSH residents; and 2) a randomly 
selected comparative study of 110 TSH 
households/houses and 85 non-prefabricated 
households/houses in northern Wisconsin. This latter 
phase involved three steps: household health and oc-
cupational questionnaires; resident physical examina-
tions, blood tests,lung spirometry measures and allergy 
skin testing; and, an on-site environmental assessment 
of indoor air quality. The primary findings of the DHSS 
study were: 
• TSH's had higher humidity, carbon dioxide, for-
maldehyde, nitrogen dioxide, airborne particu-
lates and airborne fungal spores reflecting com-
paratively poor ventilation. Important limitations 
in this finding were: 1) background or outdoor 
measurements were not reported which might ex-
plain variation; 2) formaldehyde levels appear to 
be insignificant; and 3) results of blower door test-
ing and several other variables were not reported. 
• interior surface mold growth was a significantly 
more common problem in TSH's (45% of TSH's 
compared to 9% of non-TSH's), and appears to be 
related to occupant-reported health problems, al-
though the relationship was not clinically repli-
cated. 
• TSH residents had a statistically significant higher 
proportion of upper respiratory problems. An im-
portant limitation of this finding is that com-
parison of households would have been a more ap-
propriate indicator than a comparison of residents, 
since upper respiratory infections, such as colds, 
are usually spread within a household (Oatman, 
1987). 
While the DHSS report noted that it is common to find 
no single environmental pollutant responsible for 
building-related illnesses, such concerns are commonly 
associated with poor ventilation. The report concludes 
that increased fresh-air ventilation generally resolves 
these concerns and will probably be relevant in the TSH 
case. 
To test the effectiveness of supply-exhaust ventila-
tion systems in the reduction of condensation, Wiscon-
sin investigators installed systems in four homes with 
prior moisture problems. The four homes were tested 
for air leakage rates by tracer dilution (E 741; ASTM, 
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Table 2. Minnesota TSH Moisture Evaluation Data 
1. Case Observation Name Isanti 1 Isanti 2 Isanti 3 Isanti 4 Carlton 1 Carlton 2 Carlton 3 St. Louis 1 St. Louis 2 
2. Number~~poants 4 2 6 4 4 4 4 5 4 
3. House Volume (cf) 19872 18072 10872 18072 14854 25662 19872 16320 19872 
4. Air Change/Hour (ACH) @ 50pa 2.38· 3.5 2.9 3 .1 7.23 1.76 4.53 4.44 1.92 
5. ACH • Estimated Average Natural 0.11 0.23 0.19 0.20 0.68 0.08 0.30 0.29 0.22 
6. CFM • Est. Aver. Nat. Infiltration 36 69 57 60 116 34 99 60 27 
7. Est. Moisture Generation (ptslday) 45-75+ 20+ IIC IIC 30-50 30· 40 30+ 20-45 35-40 
8. Est. Moisture Removal (pts/day) 15·25 35-60 30-50 IIC 60-140 15-30 50-80 40-65 15-25 
9. Est. Moisture Excess (ptslday) 20-50+ 0 IIC IIC 0 0·25 0 0 - 5 10-25 
10. Inside Clothes Drying (fuel%) elec 100 elec10 elec 50 elec 100 LP 100 elec 0 air 100 elec 0 air 50 
11. Inside Firewood Storage (cords) 1.50 0.05 1.00 0.00 0.33 0.00 0.50 0 0.10 
12. Humidifier {present use) 0 0 0 0 0 0 0 0 0 
13. Unvented Kerosene (gallons/year) 80 0 0 40 0 0 0 0 0 
14. Basement Seepage spring wind 0 0 0 0 Apr-Dec 0 
15. Roof Leakage chimney vents 0 0 0 ice-dam chimney 
16. Exterior Vent Fan Use - Bath (%) 0 30 20 0 none none none none window 50 
17. Exterior Vent Fan Use - Kitchen (%) 0 10 0 0 none none none none none 
18. Conbustion Air Supply none none none none none NA none none none 
19. Heating-Primary System/Fuel HW/LP 1100 HWILP 1250 HWILP 400 HWILP 1100 HW/LP NR HW/LP NR HW/LP NR HW/LPNR HW/LP NR 
20. Heating-Secondary System/Fuel GA/FW 5 GAIFW 1 GAIFW 5 seal# 3 HWIFWNR none GA/FWNR HWIFWNR GAIFW NR 
21. Relative Humidity - Main Floor 61 46 58 52 48 48 55 52 51 
22. Relative Humidity - Basement 60 46 54 60 42 48 53 46 60 
23. Carbon Dioxide (CO:! ppm) IIR IIR IIR fiR IIR 1000 1500 1100 9001000 
24. Cooking Fuel LP LP LP LP LP LP LP elec LP (2) 
NOTES: Isanti 4 basement entry denied; items 7-10, 12-17 and 19-20 annual fuel are based upon occupant supplied data; 
NR • Not Recorded; NC • Not Calculated; elec • electricity; NA • Not Applicable; HW • Hot Water; LP • Liquid Propane; GA • Gravity Air; FW • Firewood {I# cords} 
1984c). The air changes per hour (ACH) with ventila-
tion off ranged from less than 0.05 to 0.18 ACH and with 
ventilation on from 0.10 to 0.30 ACH (TenWolde, n.d.). 
The ACH, especially with ventilation off, was quite low 
in comparison to other houses. According to occupants, 
after a relatively mild winter, the systems seemed effec-
tive in solving humidity and condensation problems. 
Michigan Assessment 
The state of Michigan Bureau of Construction Codes 
(1986) released a report of inspection of a Wakefield 
TSH. The home had moisture in exterior wall cavities 
but none in the ceiling-roof cavity, wall sheathing 
saturation and deterioration, mold on plywood wall 
sheathing and many indoor surfaces, 70% percent in-
door relative humidity and 2500 parts per million (ppm) 
of indoor carbon dioxide. Outdoor levels of carbon 
diox,ide average about 340 ppm. Concentrations above 
1000 ppm are indicative of an inadequate supply of 
fresh air, and complaints of poor indoor air quality in 
non-residential buildings with mechanical ventilation 
have been documented at concentrations as low as 600 
ppm (Federal Provincial Advisory Committee on En-
vironmental and Occupational Health, 1987). Moisture 
problems were thought to be associated with crawl 
space standing water and a plumbing leak as well as in-
sufficient ventilation resulting in excessive condensa-
tion in sidewall cavities and on interior surfaces. 
The health risks in the examined home were iden-
tified as two-fold: first, persons with allergies or other 
hypersensitivity or diseases could be adversely affected 
by fungus spores in the indoor air; and second, ex-
posure over 20 to 30 years may result in slightly in-
creased rates of lung or liver cancer. 
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Michigan completed about 200 requested inspec-
tions of the state's reportedly 500 TSH' s. The results of 
this assessment are unreported. 
Minnesota Assessment 
While Wisconsin and Michigan reports were helpful to 
Minnesota investigators, there were concerns about 
limitations in reported assessments. These concerns 
prompted an independent study by Minnesota inves-
tigators. The study initially involved preliminary site 
evaluations of nine TSH' s in northeastern Minnesota. 
Data collected during the preliminary site evaluations 
included: air change by fan pressurization (E 779; 
ASTM, 1984b); estimated net moisture generation rate 
based upon ASHRAE (1983) data; carbon dioxide con-
centrations; relative humidity; dwelling characteristics; 
and interior thermographic analysis. Exterior ther-
mographic analysis of five of the nine inspected homes 
was completed. Later, four additional TSH' s and four 
previously inspected TSH's that had been modified by 
owners due to condensation-related problems, were in-
spected. 
A mail questionnaire was sent to all reported Min-
nesota TSH households. The sample included 774 
households: 225 (29%) respondents (including 8 non-
TSH households that were excluded from analysis), 373 
(49%) non-respondents and 176 (22%) not delivered due 
to incomplete addresses. Data were coded using con-
tent analysis and analyzed. Analysis of mail survey data 
included frequency distribution, descriptive statistics, 
and chi-square. Associations statistically significant via 
chi-square were then tested using the Lambda measure 
of association (also known as Guttman's Coefficient of 
Predictability). The lambda value reflects the improved 
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predictability of a dependent variable when an inde-
pendent variable is known. 
RESULTS AND DISCUSSION 
Preliminary Inspection 
Relative humidity levels in examined Minnesota TSH's 
were high, ranging from 46% to 61% and averaging 52% 
(Table 2). These levels exceed a commonly recom-
mended relative humidity of 40%, and resulted in 
problems including: condensation on most storm win-
dows with small indoor-outdoor temperature differen-
ces (20-40r.); mold growth on indoor window sashes; 
condensation staining on walls and ceilings; wet base-
ment rim joists; and general siding moisture stains. 
Moisture generation rates in examined TSH' s were 
estimated to average 31 pints per day on a non-wash 
day and 43 on a wash day (Figure 1). Venting of clothes 
dryers inside the home appears to be one of the largest 
sources of moisture in many of the examined TSH' s. 
Other moisture sources varied by home and included: 
ineffective kitchen and bathroom mechanical ventila-
tion; potential flue gas spillage; indoor firewood 
storage; unvented kerosene heaters; basement moisture 
migration; and roof leaks (Angell & Olson, 1988). 
Relationship between relative humidity levels with 
several characteristics of the houses and occupants were 
reviewed. No strong relationships were found, perhaps 
due to the small number of houses examined and single 
point in time measurements. 
The strongest relationship found thus far has been 
between the estimated moisture generation rate and 
relative humidity (r2 = .49 for 7 TSH's). Since the 
strongest discovered relationship involves apparent 
moisture production and indoor winter humidity, 
mechanical ventilation improvements appeared to be 
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Figure 1. Relative humidity by estimated moisture generation 
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needed in cases where occupants could not reduce 
humidity (State of Minnesota, 1985). 
The examined TSH' s were tighter than most tested 
Minnesota homes. The TSH' shad air exchange per hour 
(ACH) at 50 Pascals pressure difference ranging from 
1.8 to 7.2 (3.6 average) in comparison to: 4.9 average for 
75 Minnesota Energy Efficient Housing Demonstration 
Program dwellings builtin 1980-1981 (Hutchinson, Nel-
son, & Fagerson, 1984) and 3.8 average for 68 new Min-
nesota houses built in 1983 (Fagerson, 1984). Also, the 
examined TSHs had low estimated natural infiltration 
rates, ranging from 0.08 to 0.68 ACH and averaging 0.25 
ACH. Most of these rates are below the draft ASHRAE 
Standard 62-81R (forthcoming) of 0.35 ACH and the per 
person rate of 15 cubic feet per minute (Figure 2). The 
TSH with the greatest air exchange, Carlton 1, had large 
holes in moisture-deteriorated sheathing and thus was 
considerably less air tight when tested compared to 
original construction. 
Indoor carbon dioxide levels were from 900 to 1500 
ppm, and thus further reflected limited air change. 
Comparison of excessive moisture generation rates 
and relative humidities with natural infiltration rates in 
examined TSH' s did not demonstrate a relationship; (r2 
=.37 for 7 TSH' s). Comparison of measured tightness 
using a blower door and relative humidity in examined 
TSH's did not demonstrate a relationship (r2 = .05 for 8 
TSH's). 
Although the TSH' s examined superficially ap-
peared to be structurally sound, two houses with siding 
partially removed had sheathing deterioratio~ ~~ one 
had stud deterioration. Another TSH had stgruftcant 
window casing deterioration. These three TSH's were 
10 to 11 years old, and thus, the rate of deterioration was 
of concern. 
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Table 3. Descriptive Statistics --Minnesota TSH (Mall Survey) 
Variable 
Location by County St. Louis 
Itasca 
Carlton 
Other 
Non Tri-State Home 
Year built 
Years of occupancy 
Square footage of mainfloor (100's) 
Number of occupants 
Floor area (100's)/number of occupants 
Heating system hot water 
electric resistance 
forced air 
free-standing stove 
other 
Heating fuel electric 
gas 
kerosene 
oil 
wood 
Heat provided by wood (% of total) 
Indoor wood storage (% of cord) 
Fuel for domestic electric 
hot wter gas 
oil 
wood 
Humidity control dehumidifier 
humidifier 
bath vent present 
and used 
kitchen vent present 
and used 
clothes dried indoors 
other 
Removed exterior wall cladding 
value 
29% 
13% 
9% 
49% 
3% 
79% 
17% 
9% 
21% 
16% 
20% 
52% 
1% 
28% 
57% 
43% 
53% 
4% 
6% 
53% 
22% 
73% 
54% 
55% 
43% 
32% 
11% 
35% 
range mean median 
67-85 76.7 77 
1-19 9.5 10 
8-18 11.3 11 
0-6 3.3 4 
1-16 4.2 3 
0-99+% 31.0% 2% 
0-99+% 14.1% 0% 
Listed: damage/non-damage 47/21% 
moisture problem/non-problem 
health concern 
54/14% 
12% 
resale concern 11% 
repair concern 13% 
Some, but not all, access points for moisture entry 
into structural cavities were identified with infra-red 
equipment and visual observations. Potentially sig-
nificant access points were initially focused on ceiling 
panel joints and window casings. Further analysis 
defined the relationship of structural deterioration and 
moisture entry points at electrical outlets and plumbing 
soil stacks. 
All examined TSH' s with combustion burning ap-
pliances lacked designed combustion air supply. Most 
examined TSH's lacked effective mechanical ventila-
tion and roof ridge ventilation. 
Mail Survey 
Based upon 217 responses, the typical Minnesota Tri-
State Home (TSH) can be described as: located in the 
vicinity of Duluth; built in 1977 and occupied by the 
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original purchaser; 1100 square feet of habitable floor 
area with four occupants; gas-fired hydronic heat and 
water heater with supplemental wood-burning equip-
ment; bathroom and kitchen exhaust fans used to con-
trol humidity; and excessive winter humidity viewed 
by respondents _as a problem that results in condensa-
tion-related damage (Table 3). 
The most commonly reported condensation-related 
damage involved: 1) window sash, sills and interior 
trim; 2) plywood sheathing, especially upper sections 
of gable ends and sections adjacent to kitchens and 
bathrooms; 3) siding and exterior paint over areas of 
sheathing decay; 4) gypsum drywall and interior paint 
failure at wall-ceiling intersection, especially in 
bathrooms, bedrooms and kitchens; and 5) apparent 
roof leakage related to moisture discharge through sof-
fit vents. 
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Table 4. Chi-Square Analysis: Minnesota TSH's (Mail Survey) 
Independent variable 
Number of occupants 
Year built 
Square footage per occupant 
Supplemental heating 
Heating fuel: gas 
Heating fuel: oil 
Firewood amount in house 
Hot water fuel: electric 
Hot water fuel: Gas 
Bath vent fan use 
Wall opened for inspection 
Listed damage/non-damage 
Listed moisture problem/non-problem 
Listed health concern 
Listed repair concern 
Notes: *=statistically significant at p <.05 
**=statistically significant at p <.01 
Moisture 
Damage 
.006** 
-.007** 
.025* 
.035* 
.002** 
.015** 
.034* 
.019* 
.005** 
.117 
.000** 
.000** 
.000** 
.000** 
With condensation-related damage and excessive 
winter humidity treated as dependent variables, chi-
square analysis revealed 21 statistically significant as-
sociations (p<.05) out of a possible 33 associations (Table 
4). Eight of the 21 significant associations also had 
lambda values, that is, when the independent variable 
was known, the predictability of the dependent variable 
was improved. Frequency distributions for statistically 
significant associations are listed in Table 5. 
1. Condensation-related damage and excessive 
humidity by wall inspections, health and repair con-
cerns. Respondents reporting damage or humidity 
problems, compared to those reporting no damage or 
no problems, were more likely to have: opened an ex-
terior wall for inspection; health concerns; and repair 
concerns. Excessive humidity problems increased the 
predictability of condensation-related damage 56.9%, 
while opening a wall for inspection improved damage 
predictability 8.6%. 
The interrelationship between reported condensa-
tion-related damage and excessive humidity reflects 
two important conditions. First, 14% of TSH respon-
dents indicated condensation-related damage but no 
excessive humidity problems. Thus, concealed 
deterioration may be occurring with no unusual super-
ficial symptoms of excessive humidity. Second, 16% of · 
TSH respondents reported excessive humidity 
problems but no condensation-related damage. Thus, 
further deterioration may occur if excessive humidity is 
not reduced. 
Several points are important to make about owner-
cited moisture damage. First, while survey data collec-
tion on housing durability-related problems has been 
found to be closely correlated to data collected through 
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Dependent Variables 
Moisture 
Problem 
.129 - positively related with damage only 
-.019 -negatively related 
.1 05 - negatively related with damage only 
.506 - positively related with damage only 
.020* - negatively related 
.020* - positively related 
.098 - positively related with damage only 
.27 4 - positively related with damage only 
.063- negatively related with damage only 
.048* -positively related with moisture probl.only 
.ooo•• -positively related 
.000** - positively related with problem 
.000** - positively related with damage 
.018 - positively related 
field inspection, inspections provide more precision 
and in-depth insights (Resources, Applications, 
Designs and Controls, Inc., 1985). 
In addition, the absence of visual observations of 
damage to inaccessible subcomponents, such as ceiling-
roof and wall cavities, does not verify that there is no 
concealed deterioration. It is substantively and statisti-
cally significant that 65% of Minnesota TSH respon-
dents have not opened an exterior wall for inspection. 
These respondents represent four of five of those citing 
damage condition unknown, and three of four of those 
citing no known damage, but only one of two of those 
citing damage. The ratio of damage to no damage will 
likely increase with more thorough inspection. 
Finally, the ratio of TSH owners citing a moisture 
problem versus no moisture problem is more than 4:1. 
This ratio is very high when compared to the 1:1 ratio 
in a study of households living in manufactured hous-
ing on permanent foundations (Resources, Applica-
tions, Designs and Controls, Inc., 1985). Furthermore, 
TSH owners more frequently cited moisture damage in-
volving walls than manufactured housing residents in 
the study cited above. The 4:1 ratio is also significantly 
greater than the 6% of Canadian houses built from 1973 
to 1981 with moisture problems serious enough to cause 
a financial loss (Rousseau, 1984). 
2. Condensation-related damage and excessive 
humidity problems by gas and oil heating fuels. 
Respondents reporting damage or humidity problems, 
compared to those reporting no damage or problems, 
were more likely to have oil-fired heating or non-gas-
fired heating. The pattern was nearly identical for 
respondents that did not use gas for water-heating. 
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Table 5. Frequency Distributions for Chi-Square Significant Associations 
Dependent variables 
Condensation-related damage Excessive humidity 
Independent variables Yes 
1. Wall inspected 52% 
health concerns 23 
repair concerns 23 
2. Non-gas heating fuel 57 
oil heating fuel 54 
3. Year house built, 1978 or later 54 
year house built, prior to 1978 32 
4. Number of occupants 5 or 6 70 
number of occupants 1 or 2 33 
<250 sq. ft. per occupant 64 
~550 sq. ft. per occupant 27 
5. Indoor firewood storage -yes 55 
< 1/20 cord 41 
1/20 to< 1/2 cord 69 
>1/2 cord 46 
6. Supplemental heating 66 
7. Bathroom exhaust fan- none 
yes and used 
The direct relationship between oil-fired heating 
equipment and increased moisture damage is not com-
monly expected where there is proper venting of flue 
gases to the outdoors. However, the association found 
in these data is consistent with a recent Canadian study 
that found a greater percentage of oil-heated (50%) than 
gas-heated (10%) homes had excessive flue gas spillage 
(Scandia Sheltair Consortium, 1987). 
An inverse relationship between buoyancy-vented 
atmospheric burner appliances and increased moisture 
damage should be expected in traditional installations 
where a furnace and water heater are properly venting 
to the outdoors. In such cases, humid indoor air is 
drawn up the chimney and the exterior shell of the 
home is placed under negative pressure. According to 
Canadian research, a traditional gas furnace provides 
about 1 I 6 air changes per hour (ACH) and a gas water 
heater provides an additional1 /10 ACH (Scandia Shel-
tair Consortium, 1987). 
However, the fact that a large minority of the gas 
users (42%) also reported moisture damage is troubling 
and is not explained via these data. Furthermore, the 
type of heating and water heating fuel did not improve 
the predictability of damage or problems. It is possible 
that the tightness of Tri-State Homes and the absence of 
combustion air supply may result in venting failure and 
thus short-term flue gas spillage and long-term back-
drafting in some cases (Scandia Sheltair Consortium, 
1987; Handegord, 1984). 
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No Yes No 
25% 49% 18% 
0 20 0 
2 19 4 
12 64 9 
12 54 9 
15 59 9 
36 26 37 
11 
22 
11 
29 
15 
9 
8 
31 
17 
55 17 
60 9 
3. Condensation-related damage and excessive 
humidity problems by year built. Respondents report-
ing damage or humidity problems, compared to those 
reporting no damage or problems, were more likely to 
live in houses built in 1977 or before than in 1979 or later. 
The year the house was built increases the predict-
ability of moisture damage by 2.6% while not increas-
ing the predictability of excessive humidity. 
Correspondence from the President of TSH to a TSH 
owner experiencing severe moisture deterioration 
stated, " ... The problems exist on almost every home 
built from 1970 to 1978. The corrective measures we 
took after 1978 have completely resolved these 
problems ... After 1978 ... We changed our insulation so 
that the vapor barrier was always on the warm side. We 
stopped putting tar-impregnated paper on the side 
walls and installed a continuous ridge vent and used 
tarred felt paper under the shingles ... "(Alvey, 1985). In 
addition, the survey response from Minnesota TSH 
owners suggest several other changes: hot water heat-
ing systems were less common after 1978 while electri-
cal resistance and forced air were more common; and 
kitchen fans were more common after 1978. 
The proportionate distribution of cited moisture 
damage by year built does not appear to be random as 
one would expect with a product subject to regulatory 
scrutiny. Furthermore, the distribution of damage does 
not appear to be linear, that is: neither increasing or 
decreasing year by year. If damage was increasing with 
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the age of the home, this pattern might reflect declining 
service-life and/ or lack of timely maintenance-repair. 
4. Condensation-related damage by number of oc-
cupants and square feet per occupant. Respondents 
reporting damage, compared to those reporting no 
damage, were more likely to have: five or six occupants 
than one or two occupants; and less than 250 square feet 
of floor area per person than 550 or more square feet of 
floor area per person. The number of occupants in the 
home increases the predictability of moisture damage 
by 5.2% while the floor area per person increases pre-
dictability of moisture damage by 7.3%. 
The relationship between number of occupants and 
square feet of floor area per person and moisture 
damage is expected (Quirouette, 1984). Occupants con-
tribute to indoor humidity directly through respiration 
and perspiration as well as through bathing, cooking, 
laundering and other normal activities. 
5. Condensation-related damage by indoor firewood 
storage. Respondents reporting damage, compared to 
those reporting no damage, were more likely to report 
indoor firewood storage. Indoor firewood storage im-
proves the predictability of moisture damage by only 
1.7%. However, respondents with damage were more 
likely to report moderate and not light or heavy indoor 
firewood storage. 
The general association between indoor firewood 
storage and moisture damage is expected since wood is 
a hygroscopic material capable of releasing moisture 
(Forest Products Laboratory, 1988). This amplifies a 
commonly accepted recommendation of limiting in-
door storage of firewood to a one or two day's supply. 
The bell-shape association ~tween the amount of in-
door firewood storage with moisture damage, and the 
absence of a statistically significant association between 
the amount of heat provided by wood-burning with 
moisture damage, are not explained with these data. 
This association may reflect that moderate indoor 
storage of firewood involves "greener" or wetter 
firewood. 
6. Condensation-related damage by supplemental 
heating. Respondents reporting damage, compared to 
those reporting no damage, were more likely to report 
supplemental heating, such as wood-fired boilers, 
fireplaces and furnaces. This appears to be consistent 
with a report of a Canadian survey of 937 houses (Scan-
dia Sheltair Consortium, 1987). In that study, it was 
found that where there were gas-fired appliances, a hot 
wood fire caused complete backdrafting of the gas fur-
nace flue. 
7. Excessive humidity problems by bathroom exhaust 
fan use. Respondents reporting humidity problems, 
compared to those reporting no problems, were more 
likely to have no bath exhaust fan or to use the bathroom 
vent fan. This association appears to suggest that a 
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bathroom vent fan reduced moisture problems but the 
use or non-use of such fans was dependent upon 
whether the respondent perceived a humidity problem. 
Bathroom vent fan use improves the predictability of 
humidity problems by 5%. 
Detailed Inspection and Testing 
This phase of the Minnesota Tri-State Homes (TSH) in-
vestigation is not complete, but limited case studies 
have been initiated and observations are preliminary. 
Case studies numbers 1 and 3 were examined in the in-
itial phase of the assignment. Material observations 
from case studies may be summarized as follows: 
Case Study 1 (Carlton County TSH 1.) The home was 
built in 1977. A December, 1986, preliminary inspection 
revealed: extensive seepage staining, water and icicles 
on siding; icicles and frost on soffit vents; sheathing and 
stud decay; extensive mold and condensation on storm 
windows; saturated rim joists; and minor amounts of 
mold and condensation-related damage on interior sur-
faces of outside walls. Follow-up thermographic 
analysis revealed pronounced temperature variations 
across the surface of the siding. Warm temperatures 
were related to observed or suspected (siding observed 
with superficial indicators) sheathing decay. 
The home was reinspected in August, 1987, follow-
ing removal of interior wall and roof surfaces, insula-
tion, siding, and sheathing paper. Extensive sheathing 
decay and staining was found. This pattern was more 
advanced on the interior surface of the sheathing, espe-
cially at horizontal sheathing butt joints between studs 
with electrical outlets and plumbing soil stacks. Decay 
penetrated over half of the depth of some studs. The pat-
tern of decay and staining on the exterior of the sheath-
ing did not reflect a relationship to potential 
wind-driven precipitation. Roof sheathing had minor 
staining adjacent to plumbing soil stacks. 
The wall vapor retarder (asphalt-impregnated-
paper-faced insulation batt stapled to the exterior face 
of the studs) allowed migration of moisture into the wall 
and condensation on the interior surface of the sheath-
ing. The pattern of decay appears to reflect moisture 
migration more by air exfiltration (convection) than by 
diffusion. The accelerated decay pattern also appears to 
reflect an insufficient rate of seasonal drying of the 
sheathing due to the asphalt-impregnated sheathing 
paper. 
Case Study 2 (St. Louis County TSH 6). The home was 
built in 1976. The occupants reported constant exces-
sive humidity, mold on walls, window sash decay due 
to condensation, and respiratory problems, headaches 
and tiredness when in the home. Furthermore, the oc-
cupants reported that 1983 installation of a roof ridge 
vent, use of a dehumidifier, and 1986 removal of about 
half of the sheathing paper did not improve humidity 
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conditions. A late April, 1987, inspection revealed: of 
23 wood moisture content (MC) readings in the sheath-
ing, 3 were less than 20%, 6 were from 20% to 30%, and 
14 were over 30%. The MC appeared to be higher in the 
interior plies of the sheathing. The sheathing MC did 
not appear to vary according to the presence or absence 
of sheathing paper. The removal of the sheathing paper, 
as advocated by some, does not eliminate condensa-
tion-related sheathing saturation. 
Case Study 3 (St. Louis County TSH 1). The home was 
built in 1977. A December, 1986, preliminary inspection 
revealed conditions similar to those described in Case 
Study 1. The occupants reported poor indoor air 
quality. In April, 1987, the owner removed all siding, 
sheathing paper, sheathing and insulation. A later in-
spection revealed exposed 15 pound felt paper over 
new 1 12-inch CDX plywood sheathing. Ventilation rate 
testing by the fan pressurization method (E 779) found, 
at 50 Pascals, 3.24 ACH in April, 1987, compared to 4.44 
ACH in December, 1986. Storm windows were on in 
December but not in April. Replacement of insulation, 
sheathing and sheathing paper does not improve 
humidity control or indoor air quality. The risk of 
sheathing condensation remains essentially the same. 
Case Study 4 (Chicago County TSH 1). The home was 
built in 1981. The occupants reported 70% to 80% in-
door winter relative humidity (RH), severe mold on in-
terior surfaces of outside walls, saturated ceiling 
insulation and severe mold-related respiratory 
problems prior to a 1985 installation of a heat recovery 
ventilation system. The system included a fresh air 
supply to the living-dining room and stale air pick-up 
from the kitchen and bathroom. The occupants 
reported that the ventilation system maintained 30% to 
40% RH, and eliminated condensation-related 
problems. However, a February, 1987, inspection 
revealed carbon dioxide at 2500 ppm in a bedroom not 
connected to the ventilation system. A supply I exhaust 
ventilation system does reduce humidity and conden-
sation. For overall indoor air quality, a supply I exhaust 
ventilation system should serve all habitable rooms. 
CONCLUSIONS 
Despite a limited and uncompleted investigation, a 
number of interdependent conclusions regarding Tri-
State Homes can be made. 
• Further research concerning condensation in cold 
climate housing is a critical need. Contrary to some 
views in the home building industry, unacceptable 
structural damage from condensation is occurring 
in new housing built in accordance with the mini-
mum standards of national model building codes. 
• Supply I exhaust ventilation systems serving each 
habitable room are necessary in more air-tight 
houses to reduce humidity and risk of condensa-
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tion-related damage and poor indoor air quality. 
Bathroom and kitchen windows or exhaust-only 
ventilation fans should not be assumed to be suf-
ficient, especially in houses with conventional 
buoyancy-vented furnaces, water heaters and 
fireplaces. 
• A vapor-retarder system consisting of a flanged in-
sulation batt with asphalt-impregnated kraft 
paper is not adequate protection against sidewall 
condensation. In practice, this system allows mois-
ture migration via exfiltration, especially at utility 
penetrations. 
• Wall sheathing should be "forgiving," which is to 
say, it should allow for concealed condensation to 
rapidly dry to the outdoors. Sheathing susceptible 
to moisture decay should not be covered with low-
perm and air-tight sheathing paper and should be 
protected by a combination of an effective vapor-
air retarder system as well as controlled indoor 
relative humidity. Failure to construct a wall sys-
tem embracing these principles can result in decay 
beginning at sheathing butt joints. 
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Moisture problems in North Carolina are complex and 
varied. There are multiple geographic and climatic 
regions and four predominant foundation designs 
(crawl space, basement, combination crawl space-base-
ment and slab-on-grade) are used. 
North Carolina, as a mid-South Atlantic state, has the 
greates·t variety of climates of any state east of the Rock-
ies (State Climatologist, 1984). The state has three dis-
tinct geographic regions: the Coastal Plains, the 
Piedmont and the Mountains. Summer months often 
produce temperatures up to 100r. and annual mean 
humidity ranges from 70-80% (Environmental Science 
Services Administration, 1971). 
For North Carolina residents, moisture problems in 
the home may be a year-round experience because of a 
variety of interrelated factors: a high number of warm 
months, high annual mean relative humidity, varied soil 
conditions, and diverse design and construction prac-
tices. Thus, in North Carolina, attention to foundation 
design and retrofit to control moisture in the living 
space may be more critical than in other regions of the 
country. "In warm Southern climates, the moisture 
problem results from moisture coming into the house 
from outside rather than too-high indoor humidity" 
(Forest Products Laboratory, 1986). 
Foundation 
Type 
Moisture Problem 
Recommended 
Moisture 
Retrofit(s) or 
Controls 
Moisture 
Controls 
in Effect 
Figure 1. Foundation Moisture Identification 
and Control Model: Generic 
Foundation Moisture Control in North Carolina 
This paper will discuss the relationship of climate, 
land conditions and moisture movement to residential 
foundation construction and the resulting moisture 
problems found throughout the state. A proposed 
generic model has been developed to provide an ap-
propriate diagnostic approach to foundation moisture 
problems (see Figure 1), especially for practitioners who 
often must provide consultation or advice without ever 
seeing the problem firsthand. The model provides an or-
ganizing framework for assessing "difficult" moisture 
problems, including those that offer no obvious clues 
for solutions or recommendations. The model could be 
adapted to specific regions or states, such as has been 
done for North Carolina (see Figure 2). 
The first element of the North Carolina model is that 
of identifying the moisture problem in the context of the 
correct geographic region of the state and assessing the 
climate, topography and soil condition. The Soil Con-
servation Service provides soil surveys which contain 
maps and descriptions of each major soil in a particular 
survey area (Soil Conservation Service, 1985). In addi-
tion, soil information can be obtained from County Ex-
tension Offices or local/ state agronomists. A soil test 
may be required to determine plasticity, elasticity, per-
meability and moisture retention characteristics of the 
soil around the foundation. When this is not possible, a 
less-accurate option is to use the predominant soil con-
dition for the region. If the model is used by local prac-
titioners, such as county Extension Agents, they can 
easily become knowledgeable about surrounding soil 
and climate conditions. 
Identification of the foundation type is a second ele-
ment, to provide clues about potential solutions for 
moisture problems. For example, identification of a 
crawl space with moisture problems will usually lead to 
recommendations for a ground cover or improved ven-
tilation. 
The practitioner who is diagnosing the problem 
needs information about the type of moisture problem, 
the intervals or time periods in which it has occurred, 
and those moisture control practices currently in use. 
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Solutions: Solutions: Solutions: Solutions: 
Current Controls Current Controls Current Controls Current Controls 
Recommended Recommended Recommended Recommended 
Controls Controls Controls Controls 
Figure 2. Foundation Moisture Identification and Control Model: North Carolina 
Although this is a third element of the model, the prac-
titioner may actually have this information first. The 
practitioner who faces a less-than-obvious moisture 
problem has little to fall back on without knowledge of 
pertinent environmental factors (soil and climate) and 
the steps already taken to reduce moisture problems. A 
user-friendly computer program is under development 
at North Carolina State University which makes use of 
the diagnostic model. 
THE NORTH CAROLINA MOISTURE STUDY 
The North Carolina Agricultural Extension Service 
Housing program responded to about 2500 client calls 
during a three-year period (1984-87) on varied moisture 
and moisture control topics. To identify moisture 
problems and recommend solutions relating to founda-
tion types in North Carolina, a study was made of the 
climate, land and foundation types which predominate 
in the state. 
Climate 
Due to North Carolina's great variety of climates, par-
ticular attention must be given to this area in any dis-
cussion of moisture control. For example, only 60 miles 
separate the wettest and driest locations in the state, and 
on the average, July and August are the wettest and hot-
test months, while October and November are the driest 
(State Climatologist, 1984). Average heating degree 
days in the state range from 2464 to 4294. Cooling sys-
tems must be designed to handle wet bulb temperature 
deviations of 78r. in the Coastal Plains, 73-75r. in the 
Piedmont and 72 r. in the Mountains. The annual mean 
relative humidity varies from 70-80% and the mean an-
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nual total precipitation ranges from a low of 44.22 in-
ches in the upper Piedmont region to highs of 54.10 in-
ches and 50.46 inches in the Mountain and Coastal 
Plains regions, respectively (Environmental Science 
Services Administration, 1977). 
Land Types 
Soils differ in type and bearing capacity and no soil be-
haves in the same way under all conditions, especially 
in wet or dry seasons. Another land variable is the de-
gree of slope and the incidences of rock, clay or sand. 
As mentioned earlier, North Carolina has three 
predominate and distinctively different geographic 
areas (see Figure 3). 
The Coastal Plains (45% of land area) has nine soil sys-
tems which vary from loamy to sandy to clayey soil and 
contain both poorly and well-drained areas, with sandy 
soils predominating (Baird & Tucker, 1987). The terrain 
is flat to rolling and changes in elevation from sea level 
to 275 feet. 
The Piedmont (39% of land area) is rolling to hilly with 
a large variety of parent rocks as the elevation increases 
from 295 to 1508 feet. This region features four major 
Mountains Piedmont Coastal Plains 
NORTH CAROLINA 
Figure 3. Geographic Regions of North Carolina 
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soil systems (predominately clayey with slate deposits) 
that are well-to-poorly-drained. Fine-loamy, well-to-
poorly-drained soils occupy most of the flood plains. 
The smallest land area is the Mountain region (16% of 
land space) which has varied moisture levels, tempera-
tures and ecological regimes. High, sharp mountain 
peaks and ridges and steep, wet valley floors are 
bisected by broad basins with low, rounded ridges, ter-
races and flood plains. Elevations reach over 6000 feet 
from 1500 feet. Bedrock is varied but mica gneiss and 
similar felsic rock predominate. Soil types are sandy to 
clayey to all varieties of loamy (Daniels, Kleiss, Buol, 
Byrd & Phillips, 1984). 
Another variable affecting the soil is the amount of 
ground water. Generally the water table levels are 
highest in March/ April and lowest during Septem-
ber /October. However, due to topography, some areas 
have greater fluctuations in the water table than others. 
For example, the water table level in the Coastal Plains 
varies from approximately zero to five feet below the 
surface at the lowest land points up to eight to ten feet 
in the rolling areas of this region. Stream erosion in the 
middle Coastal Plains has been severe enough to affect 
water tables and has created broad, poorly-drained 
flats. The Piedmont and Mountains have water table 
fluctuations depending on the nearness to streams as 
well as elevation. 
Foundation Types 
Four major types of foundation systems are used 
throughout the state. However, certain types 
predominate in certain regions due in part to land con-
ditions, and established procedures and preferences. 
Slab-on-Grade. The number of new one-story houses 
with basements has declined in recent years, particular-
ly in the East-South Central United States (Census 1983, 
1983). Concrete slab-on-grade now accounts for ap-
proximately 50% or more of the new foundation 
designs. This type of construction method is used often 
in areas with high-clay soils. However, unless proper 
drainage is planned, and both surface and groundwater 
controlled, excessive moisture can cause upheaval of 
the foundation walls while dehydration of the soil can 
result in uneven settlement. Another concern may be 
deficiencies in the plumbing layout and design which 
can cause moisture problems (Brown, 1984). 
Crawl Space. In the Piedmont region, the crawl space 
design is often used in preference to the slab-on-grade 
or full basement. One of the primary advantages of this 
design over basement construction is cost. The relative-
ly mild climates of the Piedmont-Coastal Plains allow 
the placement of footings only slightly below the finish 
grade. Whether constructed of concrete or concrete 
block, careful attention must be given to soil characteris-
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tics, drainage, ventilation and ground cover to control 
the possibility of moisture build-up. 
Basements. While poured concrete and concrete block 
are the most commonly used foundation materials, 
wood may also be used when accepted by local codes. 
More basements are found in the Mountain region 
where the sloping terrain and colder temperatures 
make the use of this construction method cost-effective. 
Basements often are used as living space or 
storage/ work space, so they may require additional at-
tention for waterproofing or heating. 
Combination Crawl Space/Basements. In certain 
parts of North Carolina, the combination of crawl space 
and usable basement is common. This presents 
problems unique to both design methods and makes the 
control of moisture difficult to handle. The open, earth-
connected aspect of the crawl space must be treated to 
prevent moisture transfer into the heated basement 
area. Of particular concern is the exposed ground and 
foundation walls above ground level. (Anderson, 1970). 
The selection of a foundation type should therefore 
be based on several factors: the type of soil, the water 
table level fluctuation, the degree of ground slope, plus 
consideration of climate factors such as temperature, 
humidity and precipitation. Careful planning will take 
into consideration all these components in an effort to 
guard against the intrusion of moisture into foundation 
areas. 
Diagnostics for Moisture Control 
Moisture problems in the living spaces of North 
Carolina homes are evidenced by mildew growth, con-
densation on windows, damp walls, and musty odors. 
Many such interior moisture problems may have their 
origin around or under the foundation of the house. For 
example, a study of 500 Illinois homes indicated that 
attic moisture problems may be associated with wet 
crawl spaces or basements ("If Your Attic," 1986). 
Foundation-related moisture problems are not uni-
que to North Carolina but appear to be a widespread 
phenomenon which plagues builders and homeowners 
alike. The National Association of Homebuilders (1978) 
reported that over 85% of leaks in basements occurred 
within a year after construction. A 1981 Owens-Corning 
survey of 31,000 families indicated that 59% of the 
households with basements reported leaks, while a 1983 
poll at the National Association of Home Builders con-
vention showed that 83% reported leaky basements as 
a problem in their areas (Anderson, 1986; D' Alessandro, 
1986). In North Carolina, in a three-year period from 
1984-1987, nearly 60% of 2452 moisture-related calls to 
the Extension Service were moisture problems as-
sociated with the foundations of the houses. 
The diagnostic procedure designed to assist 
homeowners with moisture problems consists of deter-
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Table 1. Moisture Problems by Foundation Type for 1471 North Carolina Residences 
Condensation Seepage Leakage 
Localized Wet 
Foundat1on Mildew Hidden Constant Occasional Structural or Standing 
Type Mold Dampness Odors Condensation Damp Wet Damage Water 
N D;o N D;o N % N 
Basement 182 40 45 33 20 60 43 
Crawl Space 273 60 92 67 321 94 0 
Total 455 100 137 100 341 100 43 
mining the characteristics and magnitude of the 
problem, identifying the source of the unwanted mois-
ture, and recommending options from among various 
moisture retrofit measures. The individual practitioner 
who assists the homeowner with this diagnostic process 
must understand basic moisture transport systems and 
how they may affect various foundation types. 
Moisture Transport Mechanisms 
The data from the Extension Service telephone logs in-
dicates hydrostatic pressure (a driving force which 
moves bulk moisture) and capillary action (moisture 
transfer related to porosity of soil and building 
materials) have the most potential to generate problems 
in and around foundations. Air movement and vapor 
diffusion are other sources for moisture-related 
problems, particularly with crawl spaces (Spiezle, 
1986). During the heating season, exterior air may in-
filtrate below grade into a basement after it is drawn 
through moist earth. This air can be saturated with 
moisture and can move large amounts of moisture into 
a house (Armburgey & French, 1986; Duff, 1980). 
Additionally, the moisture practitioner must under-
stand four factors which may influence moisture 
% N % N % N % N % 
100 135 73 112 51 10 100 78 100 
0 50 27 110 49 0 0 0 0 
100 185 100 222 100 10 100 78 100 
transport around the foundation and need to be 
balanced to eliminate or reduce problems (National 
Center for Appropriate Technology, 1983). These in-
clude: 
• Source Strength-the incidence of moisture from 
plumbing leaks, inadequate drainage, high water 
tables or seasonal moisture. Corrective measures 
include repair of leaks, waterproofing and 
dampproofing, use of drainage systems and sump 
pumps. 
• Temperature Differences-the reaction of mois-
ture vapor in contact with a surface having a lower 
temperature. Generally seen as condensation, it 
can occur when vapor diffuses from soil surfaces 
and when warm moist air is introduced in base-
ments and crawl spaces. Corrective measures in-
clude insulation of surfaces, installation of vapor 
retarders, and venting of moisture-producing ap-
pliances to the outside. 
• Moisture Transfer Rate-the rate at which mois-
ture is transferred via hydrostatic pressure, capil-
larity, air movement or vapor diffusion. Corrective 
measures include use of ground cover vapor retar-
Table 2. Moisture Problems by Region for 1471 North Carolina Residences 
Condensation Seepage Leakage 
Reg1on N % N % N % 
Coastal Plains 
Crawl Space 240 24 50 12 0 0 
Basement 0 0 0 0 0 0 
P1edmont 
Crawl Space 486 50 110 26 0 0 
Basement 199 20 69 17 13 17 
Mounta1ns 
Crawl Space 6 1 0 0 0 0 
Basement 45 5 188 45 65 83 
Total 976 100 417 100 78 100 
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ders in crawl spaces, stopping exterior leaks, im-
proving drainage, and waterproofing. 
• Circulation-Ventilation Rate-the rate at which 
outside air is exchanged with inside air, and how 
that air moves within the foundation area or from 
the foundation to the living spaces. Vent openings, 
content of moisture in air and pressure differential 
affect this rate. Corrective measures include in-
stalling properly-sized vents and dehumidifying 
the air. 
FOUNDATION MOISTURE PROBLEMS 
IDENTIFIED IN NORTH CAROLINA 
Foundation moisture problems reported by North 
Carolina residents are most commonly related to base-
ments and crawl spaces. Few problems have been 
reported for combination crawl space/basement and 
slab-on-grade foundations. The combination crawl 
space/basement is less commonly used in current 
residential construction, and most builders are general-
ly familiar with acceptable moisture construction prac-
tices for slab-on-grade foundations. No problems have 
been reported for all-weather wood foundations, but 
there have been relatively few of these built in the state. 
The commonly reported moisture problems for 
North Carolina basements and crawl spaces can be 
broadly grouped into three categories: condensation (a 
result of internal moisture production, temperature dif-
ferentials and soil moisture under the house), seepage 
(a result of surface run-off after rain plus liquid and 
vapor transmission from the soil via capillary and/ or 
hydrostatic action) and leakage (a result of subsurface 
water or a high water table) (see Table I). 
Condensation-related Problems 
The 455 North Carolinians reporting mildew and mold 
in foundation areas described discoloration on surfaces 
and fungus-like growth. No actual decay was noticed 
or reported. 
Sixty-five residents complained about basement 
dampness and mustiness. Musty odors were usually 
mentioned in combination with calls about dampness 
since odors tend to increase in intensity with high rela-
tive humidity. Musty odors and dampness in living 
spaces were also reported for 413 homes with crawl 
spaces, perhaps signaling poor ventilation in the crawl 
space and vapor diffusion to the living spaces. Forty-
three calls were related to signs of hidden condensation, 
such as efflorescence on concrete, which often occurs 
with high humidity. 
Seepage-related Problems 
Constant dampness on basement walls was reported by 
135 residents and 50 calls were reported for constant 
crawl space dampness. Most callers reported a constant 
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damp surface on only one or two of the basement walls. 
However for era wl spaces, the ground surface remained 
constantly damp. Based on the continued dampness on 
wall surfaces and the ground, this complaint appeared 
to be associated with seepage, rather than condensation 
due to temperature differentials. 
One hundred twelve residents reported occasional 
wet basement floors and walls, or water on the floor for 
short periods of time, usually following periods of 
heavy rainfall. Correspondingly, 110 residents 
described crawl space ground as occasionally wet. Ten 
residents indicated that some damage appeared to have 
occurred to the structure of basement walls, ranging 
from crumbling of mortar in one exposed brick founda-
tion, to washing away of interior parging on a portion 
of one wall. Occasional influx of surface water into un-
finished basements is usually not significant, but when 
basement walls and floors stay wet or damp for long 
periods of time, other moisture problems can occur in-
cluding mold, mildew and musty odors and possible 
structural damage. 
Leakage-related Problems 
From 1984-1987, 78 calls were received about basement 
walls or floors that presented localized wet areas from 
leaks admitting rain, surface water or from sub-grade 
cracks or openings that admit ground water. Wall or 
floor areas of the basement were reported as remaining 
wet for several days following a rain, or as having areas 
of standing water that either remained for long periods 
of time or frequently recurred. 
Moisture Problems by Region 
Based on the data presented in Table II, it appears the 
majority of documented moisture problems occur in the 
Piedmont region, followed by the Coastal Plains and the 
Mountain regions. A review of specific locations noted 
on telephone logs provided additional delineation 
within regions. More calls were received from counties 
in the southern Piedmont, in the western and south-
western part of the Coastal Plains region, and in the 
eastern-most counties of the mountains, many of which 
border the southwestern Piedmont region. Because of 
the informal nature of this data collection process, it 
would be difficult to generalize that the central and 
southern parts of the state have more moisture 
problems. However, this pattern appears to reflect some 
of the soil conditions and predominant foundation 
types previously discussed. 
Moisture Sources and Recommended Controls 
Once the practitioner has identified the moisture 
problem and source, he or she can suggest a number of 
control options. It is important that the current moisture 
controls in or around the home be identified. For ex-
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ample, if a damp basement is the problem, questions 
about foundation waterproofing; tiling along footings; 
and the use of gutters, downspouts and splash blocks 
might be appropriate. 
After the problem is identified, the practitioner may 
need to determine the most significant contributor to 
the moisture source. For instance, surface water is a 
common contributor but problems can arise from one 
or more of the following: poor drainage of rainwater; 
lawn sprinkling; blocked or clogged drain tiles; inade-
quate gutters, downspouts and splash blocks; clogged 
underground gutter attachments; and inadequate ex-
terior foundation waterproofing. 
It is important to reference the region and soil condi-
tion at this stage of the diagnosis. Surface water, as pre-
viously noted, is particularly troublesome in parts of 
North Carolina that have very clayey soils and where 
clay backfills are used around foundation walls. Even 
when granular backfill is used in heavy clay, if roof and 
surface water saturate the backfill, water may accumu-
late at the footing level. A perimeter drain tile may be 
needed to alleviate hydrostatic pressure and capillarity 
on foundation walls. In the Coastal Plains region, high 
water tables may also contribute to excessive moisture 
infiltration via hydrostatic pressure and capillarity. 
Introduction of moist air into basements and crawl 
spaces from the living space represents another mois-
ture source. Eleven North Carolina residents reporting 
dampness problems stated that clothes dryers were 
vented into crawl spaces or basements. Jennings and 
Moody (1985) indicate that up to 26 pounds of water is 
removed per day when doing a week's worth of 
laundry for four people. Combined with other moisture 
sources, this can contribute to excess moisture in the 
foundation space. The practitioner must consider a 
variety of factors in the residence micro-environment 
that may influence or contribute to moisture problems. 
Ground water transfer through capillary action rep-
resents the major moisture producer in North Carolina 
crawl spaces, resulting in damp crawl spaces and mois-
ture problems in the living spaces via diffused vapor. 
Inadequate ventilation or improper use of vents in the 
crawl space is an ancillary factor that contributes to 
moisture problems in this area. 
Controlling Moisture 
The North Carolina building code includes general 
provisions for moisture control of foundations. A poly 
vapor retarder is required under slab-on-grade founda-
tions. Waterproofing is required for basement founda-
tions, although perimeter drainage tiling is not. The 
provisions for moisture control in crawl spaces and 
methods for foundation waterproofing are, according 
to one North Carolina code administrator, "grey areas". 
Local building inspectors are given a wide degree of 
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latitude in interpretation of the code, depending on 
local soil conditions, water tables and builder sophis-
tication. Obviously, this flexibility in code interpreta-
tion allows the inspector to consider localized 
environmental factors that may affect the foundation 
design and resistance to moisture infiltration. On the 
other hand, it presupposes knowledge or expertise 
about soils and moisture that may vary with inspectors 
and builders. 
The cause of foundation moisture problems most fre-
quently identified by North Carolina building inspec-
tors appears to be poor drainage which results from 
inadequate slope away from the foundation. A second 
problem cited was inadequate positive drainage for 
grade water around the foundation. 
Recommended controls for the moisture problem 
discussed vary and should be considered in the context 
of the severity of the problem, the difficulty of the 
retrofit, and the cost of implementing the measures. For 
example, exterior or interior perimeter drain tiles can be 
easily installed when a house is under construction, but 
are difficult and costly to install after the fact. Basement 
waterproofing can also be done at the time of construc-
tion and properly applied to the exterior of the founda-
tion, while interior "waterproofing" may not be effective 
except when seepage is minimal. The effectiveness of 
other methods for exterior retrofit waterproofing, such 
as Bentonite chemical injections, is still debated in the 
literature (Anderson, 1986; Minnesota Agricultural Ex-
tension Service, 1981; Rising Damp, 1981). 
Ranging from difficult to relatively simple, moisture 
control retrofit practices include: foundation drainage; 
waterproofing of exterior foundation walls; grade slop-
ing at least 2% in all directions for a minimum distance 
of 10 feet; trenching or exterior channeling to divert 
water; improved crawl space ventilation; interior 
dampproofing; interior drainage channels attached 
around the perimeter of basement walls; sump pump 
and dry well; insulation of walls; gutters, downspouts, 
and splash blocks or overhang to discharge well away 
from the foundation; central floor drain; use of a ground 
cover vapor retarder; and dehumidification (mechani-
cal or chemical). 
Conclusions and Recommendations 
Many moisture practitioners may not be acquainted 
with climate and soil conditions unique to North 
Carolina, methods of moisture transfer and optimum 
recommendations for treatment. Additionally, 
homeowners also have little knowledge of these factors, 
and are seeking immediate solutions for moisture 
problems rather than information about local condi-
tions and environmental factors that may affect how the 
problems should be treated. 
Condensation and Related Moisture Problems in Homes 
There has been little research on foundation moisture 
problems specific to North Carolina, although research 
on moisture control conducted at Clemson University, 
South Carolina (Newman, Godbey & Harrison, 1982) 
may have application for certain parts of the state. Also, 
there was been no attempt to gather data on distribu-
tion of foundation types throughout the state. The 
primary methods for assessing the scope of moisture 
problems in the state have been to collect data informal-
ly, as with this study, and by discussion and interviews 
with professionals in the building trades. These 
methods may not provide a comprehensive view of the 
types of moisture problems experienced throughout the 
state, or of current moisture prevention practices ap-
plied during construction. There is a need for further re-
search in this area, and for dissemination of applicable 
research conducted elsewhere to building professionals 
and to those whose work includes moisture diagnostics. 
There is also a need to examine further innovative 
methods of moisture control for foundations, as well as 
current practices which are recommended by building 
professionals. For example, the literature related to 
earth- sheltered housing offers information on innova-
tive generic waterproofing systems such as: elastomers 
(butyl rubber and EPDM), modified bitumens, 
montmorillonite clays (Bentonite), and laminates of 
Bentonite clay and high-density polyethylene 
(Paraseal) which may have application to conventional 
foundation design (Lane, 1984; New Waterproofing, 
1986). 
With regard to current waterproofing practices, ad-
ditional field studies would also be useful. A National 
Association of Home Builders study (1978) provides an 
interesting perspective on common basement leakage 
problems and the effectiveness of traditional recom-
mendations. Although the study used a very small 
sample from a limited geographic region, the con-
clusions suggest that further research is needed to verify 
effective moisture control practices. The results of the 
study indicate that parging and various waterproof 
coatings, as well as the use and location of footing 
drains, seem to have little effect in preventing light or 
heavy leakage. Recommendations of the study in-
cluded: test boring to indicate water table problems; 
providing a sump pump; control of surface water; ex-
cavating laterally to the minimum necessary and avoid-
ing interconnecting voids which allow hydrostatic head 
to build up. The study further indicated that tamping or 
compacting of backfill could create structural problems 
later, and that clay backfill should be avoided. A final 
recommendation was to use weep holes for letting water 
collected along foundation walls escape below the floor 
slab. 
The proceedings from a Building Thermal Envelope 
Coordinating Council workshop on Moisture Control 
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in Buildings (Bales & Treschel, 1984) offered the follow-
ing needs for additional research related to moisture in 
earth-coupled spaces: ventilation of crawl space/base-
ment; air movement between crawl space/basements 
and the rest of the house; air quality; optimization of 
moisture control and energy conservation; modeling; 
field studies; research on materials such as ground 
covers; the effect of moisture on building materials; and 
the location of vapor retarder. Once research findings 
are available, technology transfer mechanisms need to 
be effected and standards and guidelines put in place 
that will lead to the application in the field. Moisture 
practitioners who translate research into practical ap-
plications for homeowners would benefit from im-
proved transfer of research and innovation, as would 
contractors, inspectors, and other professionals in the 
building trades. 
Moisture Computer Program 
A computer program is being designed at North 
Carolina State University to help homeowners learn 
possible solutions to moisture problems in their homes. 
The program relies on user input for: the geographic 
region in which he or she lives, land type (i.e., soil, 
drainage), foundation type and characteristics, the 
major moisture problem(s) experienced. Based on ac-
tual or default data (used when the homeowner does 
not know a requested fact), possible solutions are 
recommended. The computer program is built on the 
same basic framework as the diagnostic model dis-
cussed earlier. Further information on the Moisture 
Computer Program can be obtained by contacting the 
authors. 
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Residential Ventilation from a Standards Perspective 
David T. Grimsrud 
Lawrence Berkeley Laboratory 
Berkeley, CA 94720 
The subject of residential ventilation can be addressed 
from many perspectives. One is the purpose of ventila-
tion and its ability to meet these goals. A second is the 
amount of ventilation required in a particular space; a 
third, the practical question of how the required ventila-
tion is to be supplied. Other issues are how one 
measures and maintains these values. The questions to 
be addressed in this paper are: 
• What ventilation rates are required? 
• Why? 
• How should this ventilation be provid~d? 
The Purpose of Ventilation 
Ventilation has two related purposes in buildings-it 
provides thermal comfort and insures adequate air 
quality. The use of ventilation to provide heating com-
fort is more common in commercial and institutional 
buildings than in residences; in the cooling context, the 
ventilation system is commonly used in both building 
types. 
Indoor air quality (IAQ) is the issue that determines 
the amount of outdoor ventilation air that must be sup-
plied to a building. Obviously, indoor air quality and 
thermal comfort are not independent. They are two 
parts of a larger category called the indoor environment 
of a building. Often issues of air quality and thermal 
comfort overlap, particularly when one is examining ir-
ritation and discomfort rather than morbidity (onset of 
illness) or mortality. 
A major topic that ties thermal comfort and indoor 
air quality together is moisture. Until this time, interest 
in moisture in buildings has been focused on structural 
problems and thermal comfort issues. Relatively little 
attention has been devoted to moisture as a pollutant. 
This is changing rapidly. There is preliminary evidence 
from Harvard's six-cities study that respiratory disease 
among children is influenced as much by the prevalence 
of moisture damage in houses as it is from the pesence 
of adult smokers or high levels of nitrogen dioxide in 
the house (Dockery, 1987). Visible moisture damage in-
dicates the presence of moisture, which, in turn, is a 
primary determinant in allowing microorganisms to 
grow within an occupied space. These are becoming 
recognized as important pollutants in existing (rather 
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than new) buildings. The control of moisture is a major 
topic in a ventilation standard. 
The ventilation requirement for a space is usually 
quoted as a single number. Thus the value for residen-
ces in ASHRAE Standard 62-1981 (American Society of 
Heating, Refrigerating and Air-Conditioning En-
gineers, 1981) specifies that 10 cubic feet per minute 
(CFM) of outdoor air be supplied to each room of a 
residence. The implication of this statement is that air 
quality will be adequate within the residence if 10 CFM 
is provided to each room. We note that the revised ven-
tilation standard specifies 0.35 air changes per hour 
(ACH) is the acceptable ventilation rate for the entire 
house (American Society of Heating, Refrigerating and 
Air-Conditioning Engineers, 1987). 
Providing Adequate Ventilation 
In the residential setting, adequate ventilation has 
usually occurred by accident. We are fortunate that the 
combination of leaky construction joints and weather 
conditions have caused an air change rate of about 1.0 
ACH in housing in North America. That amount of ven-
tilation, while neither minimizing energy use nor 
providing a draft-free indoor environment, has had the 
effect of assuring adequate air quality in a majority of 
residences in this country. (In the absence of early 
measurements of indoor air quality, an assumption is 
made that air quality was satisfactory.) 
Two movements began in the late sixties and early 
seventies to change this. The first was the desire to im-
prove thermal comfort by reducing building leakage 
and the cold drafts that accompanied them. The second 
was a realization that reducing leakage would save 
large amounts of energy and led to building practices 
that recommended, in the extreme, reducing outdoor air 
to zero. 
Assume that some value (e.g., the value in the current 
version of the ASHRAE Standard) is specified as the tar-
get ventilation rate for residences. How should it be 
provided with the building technologies that exist 
today? 
The two major techniques are infiltration or some 
form of mechanical ventilation. If infiltration is used, 
one expects that ordinary construction practices lead to 
an infiltration rate of about 0.5 ACH. Good construction 
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Figure 1. The distribution of two-month average ventilation 
rates measured In 56 new houses In the Pacific northwest using 
a perfluorocarbon tracer gas system {PFT). Twenty-seven 
houses were constructed using model conservation standard 
{MCS) guidelines; twenty-nine were new houses built using 
conventional techniques, which were used as controls. The 
geometric mean {GM) and geometric standard deviations {GSD) 
of the two distributions were similar, a result that was not ex-
pected prior to measurement. 
practices can reduce the infiltration rate to about 0.3 
ACH. Extra care in construction can reduce this further, 
to0.1 ACH. 
If extra care is provided to seal the house, increase its 
thermal comfort, and reduce its energy use, mechanical 
ventilation will have to be designed into the structure 
to provide adequate ventilation. Possible choices are: 
• balanced ventilation with air-to-air heat ex-
changers or heat recovery ventilators, or 
• exhaust ventilation with slot ventilators. 
Operational problems with air-to-air heat exchangers 
have occurred in use, but these are soluble. The heat ex-
changers represent a new building technology and, 
therefore, the cost of the systems is expected to decrease 
as their use increases. 
Builders may be less familiar with the use of exhaust 
ventilation and slot ventilators, although, in principle, 
these are simpler to use than air- to-air heat exchangers. 
Prior to their use, any builder must understand that 
tightening a house to reduce leakage followed by 
making holes in the shell to provide openings for the 
slot ventilators is not a contradiction. The slot ven-
tilators assure that ventilation will be supplied where 
needed, i.e., to each room and where desired in each 
room. If a room is not being used, its ventilation slot can 
be closed. Mechanical ventilation gives control of the 
ventilation process. 
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Evaluation of Ventilation Rates 
Evaluation of the actual ventilation in a residence is 
simple conceptually but complicated in practice. The 
best technique involves injecting a tracer gas into the air 
at a steady rate. After allowing an adequate time for 
mixing, and assuming that changes in the ventilation 
occur slowly, the tracer concentration in the space will 
be the ratio between the tracer injection rate and the 
ventilation rate (Dietz & Cote, 1982). This simple idea is 
difficult to implement but progress has been made in 
the past five years. A simple injection system is licensed 
by the National Association of Home Builders. Passive 
samplers are used for collecting air samples that are 
analyzed in a laboratory off-site. 
It is important that anyone changing the design of a 
structure or making a fundamental change in a con-
struction practice, evaluate the effects of the change on 
ventilation rates through a measurement process. The 
results shown in Figure 1 illustrate this need. The figure 
displays long-term (two-month) average ventilation 
measurements, made using the described technique, of 
56 new houses in the Pacific Northwest (Turk, 
Grimsrud, Harrison & Prill, 1987b). Twenty seven 
houses tested had been built following new, energy-ef-
ficient Model Conservation Standard (MCS) guidelines 
developed by the Bonneville Power Administration; 29 
were control houses built using conventional techni-
ques. The MCS houses were very tight but contained 
air-to-air heat exchangers to bring the design ventila-
tion rates to 0.6 ACH, the value expected to exist in new 
housing in the region. While the air leakage measure-
ments showed that the MCS houses were substantially 
tighter than the controls, the total ventilation rates 
measured were essentially the same. 
The Role of Ventilation Standards for Residences 
The question of providing the proper amount of ven-
tilation to a residence presumes the existence of an es-
tablished ventilation rate that is used as a target value. 
Ventilation values for residences exist in some state and 
local codes. They are generally based on values estab-
lished in the voluntary consensus ventilation standard, 
ASHRAE Standard 62 (American Society of Heating, 
Refrigerating and Air-Conditioning Engineers, 1981; 
1988). The latest official version was approved in 1981, 
with a new revision expected in 1988. 
The committee that writes the ASHRAE standard is 
composed of general interest persons (indoor air quality 
researchers), users of the standard (consulting en-
gineers), and producers of products affected by the 
standard. 
The fundamental perspective of the committee is 
this: they do not know all the answers necessary to es-
tablish a ventilation standard that will ensure adequate 
indoor air quality in buildings. However, buildings are 
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being built and guidance must be provided to those 
who design and fabricate ventilation systems for these 
buildings. Therefore, the best professional judgments 
are used to negotiate a consensus standard. As new in-
formation is developed, the standard will be revised. At 
any time, it should reflect the best possible judgment of 
building professionals working on the problem. 
There are two issues of concern to those interested 
primarily in the residential environment. The first, is a 
focus in the Ventilation Standard on commercial and in-
stitutional buildings (large volumes) rather than 
residential buildings (small volumes). This is relatively 
minor, as there are more similarities than differences in 
the indoor air problem when comparing small and large 
buildings. The second issue is more important and is al-
ways surprising to a newcomer observing the standard-
setting process. The fundamental knowledge required 
to write a standard that will achieve the goals of assur-
ing adequate indoor air quality is not available. Indeed, 
the present perspective will never yield an appropriate 
standard if one interprets the standard as a "fail-safe" 
threshold for the safety of building occupants. 
Figure 2 illustrates the problem most clearly (Turk, et 
al., 1987a). This result shows the concentration of 
respirable suspended particles (RSP) measured in 40 
commercial and institutional buildings plotted as a 
function of ventilation rate. What ventilation rate would 
you choose to assure that the concentration of RSP 
remains below SOJ.1g/m3, the new outdoor standard for 
particles less than lOJ.lffi in diameter?(The comparison 
could be made with any standard. the outdoor lOJlm 
standard is the closest applicable standard for com-
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Figure 2. Measured concentrations of respirable suspende~ 
particles (RSP) plotted as a function of measured ventilation 
rate per occupant In forty commercial buildings In the Pacific 
northwest. Results of this form make It difficult to assert that 
providing a particular ventilation rate while Ignoring pollutant 
sources will assure adequate Indoor air quality. 
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parison. There are no indoor standards for particle con-
centration.) This figure could be repeated for virtually 
any pollutant or pollutant class measured in different 
buildings. It concisely conveys the importance of sour-
ces, as well as removal processes (ventilation) in deter-
mining the pollutant concentrations seen in buildings. 
At issue here is the nature of the indoor air quality 
problem in both residences and commercial buildings. 
Indoor air quality is as much a source problem as a ven-
tilation problem. Until a standard incorporates both 
source restrictions and ventilation rates, it will be inade-
quate. 
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Figure 3. Distributions of ventilation rates In a residence when 
Infiltration Is the method used to supply ventilation (upper 
figure) and when an exhaust-air heat pump system Is used. 
Both strategies supply the same amount of ventilation when 
averaged over the year. The extreme values (very low leading 
to poor air quality and very high with large energy costs) are 
removed when the mechanical exhaust-air system Is used. 
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Speculations 
In the future, ASHRAE is likely to divide ventilation 
standards into two parts, one for residential buildings 
and one for commercial and institutional buildings. 
However, this is not the fundamental problem faced by 
these standards. Rather, the major issues are (1) the lack 
of fundamental information about the long-term effects 
of exposures to low levels of pollutants that are ex-
perienced by occupants of both residences and com-
mercial buildings, and (2) the need to control sources if 
ventilation specifications are to have any chance of 
providing adequate indoor air quality. 
Residential buildings in the future will likely contain 
mechanical ventilation as a standard design item. En-
vironmental control is enhanced by the combination of 
tight construction and mechanical ventilation (with 
operable windows). Compare the histograms of infiltra-
tion rates in a house in the Pacific Northwest with the 
ventilation provided by a combination of infiltration 
(always present) and mechanical ventilation shown in 
Figure 3 (Wallman, Pedersen, Mowris, Fisk & 
Grimsrud, 1987). 
The histograms compare the number of hours per 
year the ventilation has the value of the bin when sup-
plied by infiltration (upper figure) or a mechanical sys-
tem (lower figure). Both ventilation strategies provide 
approximately 0.5 ACH to the residence as an annual 
average. However, there are many hours of the year 
when the ventilation provided by infiltration is less than 
this value while the distribution for the mechanical sys-
tem is closely peaked about 0.5 ACH. From the perspec-
tive of air quality, the constant ventilation provided 
mechanically is better than infiltration. 
Summary 
We live with incomplete knowledge. The implication of 
this cliche for this discussion translates into an uncer-
tainty in the values contained in ventilation standards. 
Residential ventilation standards are based upon a 
combination of existing practice and research that links 
health effects with pollutant concentrations. There are 
many unanswered questions that remain before we 
have truly reliable ventilation standards that provide 
both thermal comfort and assure adequate indoor air 
quality. Research results and housing improvements 
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both dictate changes in existing standards. Because of 
the nature of the consensus standards process, one 
should expect that standards will track, rather than 
lead, developments in building technology. 
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Thermal and Moisture Design Practices from the Department 
of Energy Building Foundation Design Handbook 
Kenneth Labs 
Undercurrent Design Research 
Mt. Carmel, CT 
Foundations are important to discussion of moisture 
problems in houses for several reasons. Soil is a humid 
environment and can supply moisture to crawl spaces 
and basements, and, by means of vapor migration, 
through them to the space above. Water may leak into 
basements and crawl spaces when percolating surface 
storm water "ponds" in the backfill, or when the ground 
water level rises. In both cases, the foundation acts as a 
moisture source and requires protection against entry. 
Rim joists, sill plates, furring, and other members re-
lated to the foundation are subject to damage resulting 
from frequent and prolonged condensation. The struc-
tural role of these members makes their condition espe-
cially important and their repair difficult. While the 
condensation hazard may be reduced by measures that 
control indoor humidity level, it is also affected by the 
placement of insulation and vapor retarders. This paper 
reviews practices recommended in a building founda-
tion design manual recently prepared under contract to 
the Department of Energy (DOE) for control of conden-
sation hazard on foundation components through ther-
mal design, and control of moisture entry through 
foundations by means of drainage, waterproofing, and 
dampproofing and vapor retarders. (Labs, et al., 1988) 
Background 
In 1983, OOE initiated a study of the energy savings 
potential of foundation systems through Oak Ridge Na-
tional Laboratory (ORNL). A major product of the study 
was the report, Assessment of the Energy Savings Potential 
of Building Foundations Research (Sterling, Meixel, Shen, 
Labs & Bligh, 1986). This and a number of other events 
contributed to the DOE's decision to support founda-
tions related work (Christian, 1986). 
In 1985, OOE convened a panel of building founda-
tion research specialists and other building industry 
representatives to help establish a building foundation 
research agenda. The voluntary panel gave highest 
rating for a first funding effort to documenting the 
recommendations of existing foundations research and 
building practice literature in a single building founda-
tions handbook (Christian, 1986). 
A contract was awarded in 1986 to a team consisting 
of the author (Undercurrent Design Research) and the 
Foundation Design Practices 
Underground Space Center of the University of Min-
nesota for a comprehensive manual aimed at architects 
and design professionals. The scope was limited to light 
frame construction. 
The manual reviews issues in detailing thermal, 
drainage, waterproofing, structural, radon mitigation, 
and termite control systems, and npresents a series of 
recommended designs for basements, crawl spaces, and 
slab floors. Several checklists and an aid to specification 
writing are included as appendices. The following 
material has been excerpted and adapted from the 
manual. The sources of these recommendations are 
cited in the manual, but are omitted here for brevity. 
While most of the manual is not new work in a research 
sense, it is unique in the foundations literature in its 
comprehensiveness, its target audience, and in its build-
ing science approach to, and emphasis on, detailing. 
Insulation and Condensation in Foundation Walls: 
Principles 
Condensation occurs on surfaces that have tempera-
tures at or below the dew point of the surrounding air. 
Condensation conditions are easy to analyze if steady-
state conditions are assumed. Steady-state analysis is 
justified if reasonable design conditions can be deter-
mined. 
The temperature T x at location x within a wall section 
of overall thermal resistance Rw is directly proportion-
al to its location with respect to resistance Rx outside of 
location x, and resistance (Rw - Rx) inside of location x 
(Figure 1) 
R x (f x- To) 
= 
R w - R X (T i - T X ) 
To + R x(T i - To ) 
SO Tx = 
Rw 
where 
Rx = R-value of wall outside point x (square feet per 
hour per degree Fahrenheit per British thermal unit 
(ft2(hr) "F./Btu) 
Rw = overall R-value of wall, including air film resis-
tances (ft2(hr) 'F./Btu) 
T x = temperature at point x within wall ("F.) 
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Figure 1. Condens~Uon analysis for Interior insulaUon 
To = outdoor air temperature ("F.) 
Ti = indoor air temperature ("F.) 
For example, to calculate the T x at the band joist 
(Figure 1): 
Outdoor film= R = 0.17 
Clapboards = 0.80 
Plywood = 0.60 
Joist= 1.90 
Rx= 3.47 
Insulation Batt= R = 11.0 
Indoor Film = 0.65 
Rx= 3.47 
Rw= 15.12 
Therefore, at design conditions: 
T X = 5 + 3.4 7 ( 65 - 5 ) = 19 ° F. 
15.12 
A similar calculation could be made for the T x at 
the concrete foundation wall. 
The temperature of the wall surface exposed to the 
indoor air is calculated in a similar manner. We desig-
nate the temperature of this special surface Ts, and let 
Rs represent the thermal resistance of the overall wall 
minus that of the indoor air film, which is taken as R = 
0.65 ft2(hr) "F./Btu for vertical surfaces (see Figure 2). 
Thus, Rs = (Rw - 0.65), and (Rw - Rs) = 0.65. 
The surface temperature T s is, 
T s = To + (Rw- 0.65} ( Ti - ~ } 
Rw 
44 
T 
' 
-------- SILL G15/<eT 
CAP/LLAKT ~!<. 
!(-0.~5 
Figure 2. Condensation analysis for unlnsulated case 
or 
Ts = To + R s 
----
Rs + 0.65 
Insulating Against Condensation Above Grade 
Conditions favoring condensation on foundation walls 
during the winter occur above grade, where outdoor 
temperatures are lowest, and are of special interest at 
rim joists and sill plates. Water vapor will condense on 
rim joists exposed to the interior if surface temperature 
Ts falls below the dew point. If the indoor dew point is 
known, the resistance Rs of the wall section can be sized 
to prevent condensation under any specified indoor-
outdoor temperature difference. The insulation require-
ment is found by substituting the dew point 
temperature T dew forT x in the original expression, and 
0.65 for (Rw - Rs): 
R s = 0.65 (T dew - To } 
(Ti - T dew } 
For example, assume that 
To=5r. 
Ti = 65r 
Indoor relative humidity = 90% 
Tdew = 62r. 
R s = 0.65 (62 - 5) = 12.4 
(65 - 62) 
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If the resistance of the uninsulated section of the wall 
equals: 
Outdoor film = 0.17 
Clapboards = 0.80 
Plywood = 0.65 
Joists= 1.90 
R= 3.47 
Then, the needed insulation is: 
Rins = 12.4 - 3.47 = 8.9 
This is easily achieved with two inches of extruded 
polystyrene (R=10). 
The example shows that only a reasonable (achiev-
able) .l~vel of insulation is needed under fairly severe 
conditions to prevent condensation. The same relation 
shows that insulation added at the inside of the wall 
enormously increases the potential for condensation 
and demands vapor control. No practical amount of in-
sulation added outside the band joist can compensate 
for the hazard created by insulating at the inside with 
even an R-11 batt.1 
Below-grade Condensation (Summer) 
The .greatest condensation hazard in the below grade 
po.rtion of the wall occurs in late spring and early sum-
mer, when dew point temperatures are high and the 
earth still relatively cool because of thermal lag. Ac-
cura~e analysi~ ~f wall temperatures during this period 
req~1res sophisticated calculation. The limiting case of 
undisturbed ground temperature is easy to consider, 
~o~~ver, ~d ~ffers some guidance. This approach is 
JUStified with high wall insulation levels, which tend to 
preserve natural conditions in the soil. If the insulation 
is on the outside of the wall, the wall will be isolated 
from soil temperatures and the interior surface will 
remain very close to indoor temperatures. In practice, 
very little exterior insulation may be necessary to 
prevent condensation (Houghten, Taimuty, Gutberlet 
& Brown, 1942). If the insulation is inside the wall mass, 
then the undisturbed soil temperatures may be im-
agined to penetrate the wall, as a worst case condition. 
Wall temperatures of 45 ·to 55 'F. are possible in June 
in northern regions as a wall heavily insulated on the 
inside tends to stay close to natural ground tempera-
ture. Vapor will condense at these temperatures with in-
door relative humidities in the range of 50-70%, for air 
temperatures between 65. and 70'F., if the vapor is free 
to move through the insulation. This could easily occur 
with unfaced fiberglass batts, and shows the need for 
vapor retarders with interior wall insulation. 
Insulation and Vapor Diffusion 
This discussion in part summarizes an excellent 
analysis of subgrade conditions by Timusk (1982). It 
does not apply to walls exposed to water under pres-
sure. 
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Figure 3. Temperature and relative humidity gradients In dlf· 
ferent subgrade walls 
The relative humidity (RH) in soil pore spaces can 
normally be assumed to be 100%. Porous wall materials 
like concrete, masonry, and wood will absorb vapor 
from the soil and, if unable to dry, will saturate. If the 
wall is able to dry to the interior, the diffusion of water 
through the wall will leach out salts,leaving efflorescent 
deposits on the interior surface as the water evaporates. 
This is common in old rubble basements, and can be 
found in some older concrete masonry walls. 
Consider a foundation wall without waterproofing 
or dampproofing in contact with soil at 46 'F. and 100% 
relative humidity. Equilibrium (no flow) conditions are 
maintained across the wall as long as the indoor vapor 
pressure is the same as that in the soil. Raising indoor 
humidity to create a positive vapor pressure difference 
at the interior drives moisture into the wall and soil, 
while lower indoor humidity draws moisture from the 
soil to the interior. 
Three different wall sections are shown in Figure 3 
with the same soil and indoor temperature and 
humidity conditions. In the uninsulated case, the wall 
averages 51.2 'F. and about 83.5% RH across its width. 
Insulating on the outside with R-10 warms and dries the 
wall; it has an average temperature of 63.2'F. and 
averages 53.5% RH. Insulating at the inside increases 
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Figure 4. Exterior Insulation detail for 2x6 wall with Insulating 
sheathing keeps band joist warm 
the average RH of the wall from 72% to about 97%, and 
reduces its temperature from 51.2 to 46.7r. This 
phenomenon had earlier been studied experimentally 
by Swedish researchers Elmroth and Hoglund (1971). 
Their studies led them to conclude that neither 
dampproofing, waterproofing, nor vapor retarders are 
necessary on walls that are insulated on the outside and 
provided with a wall drainage mat. 
RECOMMENDED PRACTICES FOR THERMAL 
AND MOISTURE DESIGN OF BASEMENTS AND 
HEATED CRAWL SPACES 
The principles and details presented here apply to base-
ments and heated crawl spaces, such as those used as 
hot air distribution plenums. For most design purposes, 
a heated crawl space can be treated as a short basement 
with increased perimeter floor heat losses. 
Exterior Insulation 
Basements can be insulated on the exterior with semi-
rigid boards placed in direct contact with the soil. Ex-
truded polystyrene is usually preferred, although 
expanded polystyrene (EPS) manufactured for below 
grade use is acceptable. Rigid fiberglass foundation 
boards are now available. They serve a dual role as in-
sulation and drainage layer, and have had a long re-
search history in Scandinavia and Canada prior to their 
manufacture in the U.S. Each product has its own ad-
vantages and disadvantages, although details of instal-
lation are much the same. 
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joist warm 
Exterior insulation of the rim joist minimizes thermal 
bridges and practically eliminates the potential for con-
densation. This reduces the requirement for a vapor 
retarder. The vapor retarder is still recommended, al-
though it serves mostly as an air barrier. While thermal 
and moisture considerations make exterior insulation 
preferable to interior placement, thick insulations are 
awkward in detail and appearance, and require protec-
tive cover from weather and physical abuse (such as 
lawn mowers). It is probably better to have a somewhat 
thermally inefficient low level of insulation on the out-
side under conditions of high condensation hazard than 
high levels inside. This is especially true in basements 
with finished ceilings, where the rim joist area is inac-
cessible for inspection. 
Exterior insulation can be detailed by: 1) continuing 
exterior insulating sheathing down the face of the foun-
dation wall; 2) overhanging 2x6 studs up to 2 inches and 
insulating underneath (Figure t!); or 3) for 2x4 walls, 
detailing a drip cap or water table at the base of the ex-
terior cladding (Figure 5). This requires careful flashing 
to prevent rain penetration of the joint. 
Interior Insulation 
Inside insulation subjects the upper portion of the sub-
grade wall to freezing, and its high humidity level in-
creases the hazard of damage. The high humidity 
prevents curing concrete walls from drying and sup-
plies moisture to furred-out insulation cavities where it 
favors decay. Furred- out walls therefore require two 
vapor retarders, one at the room surface side of the 
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Figure 6. Interior basement Insulation with exterior Insulation 
to keep concealed band joist warm 
cavity to prevent moist indoor air from reaching the 
cold foundation wall surface where it could condense, 
and one at either side of the foundation wall 
(dampproofing) to prevent migration of soil moisture 
by vapor or capillary transfer into the cavity f~·om be-
hind. Some Canadian practice guides require three 
moisture barriers for internally insulated basements, 
one at each side of the foundation wall, plus the usual 
vapor retarder under the finish sheathing (Canada 
Mortgage and Housing Corporation, 1982). 
While exterior insulation is usually preferred for 
thermal and moisture reasons, interior insulation is 
often more expedient. Very high R-values can be ob-
tained by furring out from the wall, creating as large an 
insulation cavity as desired. Lower R-values are easily 
obtained by applying insulation boards to the wall and 
fastening the finish surface over these. 
Insulating inside the rim joist lowers its temperature 
and greatly increases the risk of condensation on it, the 
sill plate, and joist ends. The risk increases with the R-
value added, but depends on indoor humidity level. 
Condensation may never occur if humidity levels are 
low enough. Indoor insulations must be self-vapor 
restricting (certain foams) or sealed with a vapor retar-
der at the inside. Pressure-treated lumber is recom-
mended for sill plates and rim joists. 
There are three approaches to rim joist detailing with 
interior insulation. 1) Insulate only outside the rim joist. 
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Rgure 7. Interior basement Insulation with balloon framing 
detail to keep concealed band joist warm 
This is the safest approach for high hazard conditions. 
It is recommended when the ceiling is finished, or if the 
rim joist area is otherwise inaccessible for inspection 
(Figures 6 and 7). 2) Use vapor-resistant closed-cell 
foam at the inside, friction-fit into the cavity (Figure 8). 
Some flexible foams are manufactured pre-cut for this 
purpose. These simplify the installation, compared to 
batts, since they require no additional vapor protection. 
They are also easily removed for inspection in exposed 
applications. 3) Stuff fiberglass batts into the cavity and 
carefully fit and staple a polyethylene vapor retarder 
around surrounding ceiling, joist,and sill plate surfaces. 
This is awkward and time consuming, and depends en-
tirely on workmanship for quality. It is the least accept-
able approach for adverse conditions. A better sealing 
surface is provided by using a rigid foam board at the 
interior, and caulking around it. 
DRAINAGE AROUND HOUSE BASEMENTS 
The amount of effort and cost devoted to the drainage 
system should be matched to the level of hazard 
presented by site conditions. The two purposes of foot-
ing and underfloor drains are 1) to draw the ground 
water level down below the basement floor; and 2) to 
prevent ponding of percolating rainwater and snow-
melt in the backfill. If ground water levels are known to 
be well below floor level, and surrounding soils are 
rapid draining, then a subdrainage system may be un-
necessary. When conditions are uncertain, a drainage 
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Figure 8. Basement or crawl space ceiling Insulation with 
removable friction-fit foam for Inspection of band joist 
system should be installed as a precaution. System costs 
during construction are low, while retrofits are both 
costly and awkward. 
Radon Control 
In areas where a potential for high indoor radon levels 
exists, the drainage system may conveniently be used 
for "vacuuming" soil gas out of the ground around the 
foundation. Designing the drainage system to collect 
soil gas does not necessarily compromise its drainage 
effectiveness, nor increase its cost, although some spe-
cial details of installation may be required. 
Storm water Control 
If ground water levels are well below the floor level, 
then the only real purpose of the drainage system is to 
keep infiltrating surface water from collecting in pock-
ets against the wall, where it can build up enough pres-
sure to force its way in through cracks and joints in 
construction. Recommendations for stormwater 
drainage are to: 
• Collect roof runoff in gutters and carry this well 
away from the backfill. 
• Grade the surface to drain away from the structure 
with a slope of at least 5% over the first 10 feet of 
perimeter (a 6-inch fa_ll) (Figure 9). 
• Carefully compact backfill layers during place-
ment to minimize settlement after construction, 
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Figure 9. Drainage strategies outside the basement 
and overfill to compensate for settlement. 
• Seal the ground surface around the perimeter with 
paved sidewalks, patios, driveways, etc., or install 
an undersurface membrane over the backfill to 
drain water away from the wall. 
• Use an aggregate or manufactured drainage 
blanket material against the wall to carry water 
from the backfill down to the footing drain (Figure 
9). 
Perimeter Drains 
Perimeter drains are used to draw down the surround-
ing ground water and to carry away water that drains 
down through the backfill. They should be installed as 
described below, and as summarized in Figures 10 and 
11. 
• Pipe drains may be placed inside or outside the 
footing. Outside placement is preferred for keep-
ing water further away from the structure, but 
their is some evidence that inside (underslab) 
placement is less likely to fail. 
• The top of the pipe at its highest elevation should 
be below the underside of the slab. 
• Four-inch pipe is adequate for most house con-
struction. It is laid with the holes facing down. 
• The pipe should be pitched at 1 inch in 20 feet, al-
though a dead level line will work if it does not set-
tle or heave. Level lines should not be used if the 
perimeter is no longer than 200 feet. 
• The pipe should be set on a carefully graded and 
compacted bedding of suitable aggregate at least 
four inches thick. 
Condensation and Related Moisture Problems in Homes 
Tor or nre t1T 
ffi6Ht:Sr L!!VEL 
l!lela'V eorrONt 
CF~/t8 
A~GAiTE ENVELCFc 
;1.eove rux:r< L.C:'v"eL 
W/tTeKFt?COFING 
Of( 01UF!'7\c:c:FIN6 
r!Lrt::1\ r/1bf<tc w eer ff:XE5 
W~f" -1Ka/Nt:J TH/f:OU6tf RXJTIN& 
A6Kb/ii:e6ATe 
~NVt:LOFE OPT!ONI1L PIPE LOCATioN 
Figure 10. Alternate drain locations alongside the footing 
• The pipe should be surrounded by at least eight in-
ches of aggregate everywhere except the bottom. 
The aggregate should extend a few inches above 
the finish floor elevation. 
• The aggregate should either be graded to prevent 
fines from the surrounding soil from entering it, or 
it should be wrapped with filter fabric. Standard 
concrete sand (ASTM C33) has the necessary self-
protecting qualities for many surrounding soils. 
Crushed stone should always be protected with a 
fabric filter. 
• A solid leader should be pitched to discharge the 
drainwater to an outlet below the elevation of the 
foundation. It may be discharged to a sump, with 
a water-actuated pump, under the basement floor. 
Underfloor Drainage 
If the ground water level is known to be well below the 
basement floor, no special underfloor drainage 
provisions are required. The slab can be poured direct-
ly on the ground, or on a 6-mil polyethylene moisture 
barrier (or on a sand layer on top of the poly layer). A 
four-inch aggregate layer may be provided as a capil-
lary break. This may also be desirable as part of a soil 
gas collection system on sites where radon control is 
necessary. 
If seasonally high water levels are expected or water 
tables are high, a 4-inch aggregate layer must be in-
stalled under the slab. This may be drained to exterior 
footing drains by weep holes through the footing. Weep 
holes should be no smaller than two inches in diameter 
and provided on six to eight foot centers. These can be 
cast-in-place with pipes or as 2x4 knock-outs wrapped 
in polyethylene. Alternatively, the underslab aggregate 
layer can drain to an underfloor sump, which either 
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Figure 11. Drain pipe on top of footing requires a deeper foot· 
lng 
drains to daylight or is pumped. The National Associa-
tion of Home Builders has suggested that footing drains 
are not necessary in a sump system, provided that weep 
holes are installed through the footing, and that a 
drainage aggregate is installed at the outside of the foot-
ing. They also recommend that the floor slab float above 
the footing on one to two inches of the four-inch ag-
gregate layer (Figure 12). 
Underfloor sumps should be at least 30 inches deep 
and either 24 inches in diameter or 20 inches square. 
They may be made from precast concrete pipe or terra 
cotta flue liner. The sump should be surrounded on all 
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Figure 12. Sui·np S)'Stem that col:ects water from the perimeter 
through an underfloor drainage blanket 
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Figure 13. Underfloor drainage system for sites with high 
water hazard 
sides and bottom with five to six inches of the drainage 
aggregate. Perimeter drain lines may discharge to the 
aggregate envelope (Figure 12). The sump should be lo-
cated several feet in from the footing so as not to weaken 
the soil bearing zone. Sumps should be capped with a 
childproof lid and sealed to prevent soil gas from enter-
ing the basement. In areas of high potential radon levels, 
the sump itself should be vented to the outdoors. On 
sites with a serious water hazard, the aggregate layer 
should be engineered to the proper thickness and per-
meability, based on soil permeability ratios. Alterna-
tively, a parallel pipe network can be installed in 
shallow trenches as part of the four-inch drainage layer. 
Each pipe should be at least four inches above the un-
derlying soil (Figure 13). These should be placed on 
roughly 12-foot centers, and should be pitched a mini-
mum of 1 inch in 20 feet. They may drain into the 
perimeter pipe line, but ideally should discharge 
through an independent leader. They should couple 
into a trunk line with a 'ry" joint, to maintain as much 
flow velocity as possible. 
WATERPROOFING, DAMPPROOFING, AND 
VAPOR RETARDERS 
Moisture may enter foundations by leakage, by vapor 
migration, and by capillary transfer. Different treat-
ments are appropriate to each condition. Leakage oc-
curs: 
• when ground water level rises above the floor of 
the basement or crawl space; 
• when percolating rainwater and snowmelt ponds 
in the backfill or at the ground surface. 
In both cases, the water acts under the force of gravity. 
Such water must be blocked from entry by a 
waterproofing system. Waterproofing is defined as the 
treatment of a surface or structure that prevents the pas-
sage of liquid water under force. The performance of 
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waterproofing depends on its long term ability to resist 
water under hydrostatic pressure. 
Capillary transfer of moisture occurs through porous 
materials such as soil, concrete, and masonry. It is easi-
ly blocked by thin membranes that otherwise lack the 
tensile strength to resist hydrostatic pressure. Such 
membranes are classified as dampproofing; it is defined 
as the treatment of a surface or structure that interrupts 
capillary moisture transfer and retards the passage of 
liquid water under non-hydrostatic conditions. 
Vapor (and soil gas containing radon) moves freely 
through soils and other porous materials, such as 
masonry, and through cracks, joints, and other openings 
(such as sump pits) in foundation walls and floors. 
Vapor migration may be controlled by use of a vapor 
retarder. Membrane waterproofings serve as vapor 
retarders, as do dampproofings. For design purposes, 
waterproofing is required in the presence of liquid 
water, while dampproofing is sufficient for control of 
vapor and capillary moisture transfer. Because subsoils 
normally approach saturation with water vapor, 
dampproofing is nearly always required as a minimum 
treatment. The need for waterproofing depends on local 
conditions and must be determined on a site-by-site 
basis. 
Dampproofing Materials 
Waterproofing always also serves as dampproofing, 
but dampproofing is never adequate for waterproofing. 
Since, by definition, dampproofing retards rather than 
bars water entry, perfection is not required in either in-
stallation or performance. A variety of treatments serve 
as dampproofing, including: 
• 20-mil bituminous coating, on concrete 
• 20-mil bituminous coating on 3 /8-inch parging, on 
masonry 
• 1 I 8-inch bituminous coating 
• 40-mil acrylic latex coating 
• 6-mil polyethylene 
As discussed above, the position of insulation in wall 
and floor assemblies influences vapor pressure condi-
tions and the driving force of vapor entry. This means 
that exterior full surface insulation (depending upon R-
value and permeability) may be an acceptable sub-
stitute for the vapor and capillary control functions of 
the dampproofing membrane (Elmroth & Hoglund, 
1971; Timusk, 1982). 
Waterproofing Systems and Materials 
Waterproofing systems are categorized according to 
their position in the building section. Exterior membranes 
are placed on the outside face of the structure, where 
they are exposed to soil moisture. They are thin and rely 
on the rigidity and uniformity of the substrate for sup-
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port against water pressure. Exterior membranes can be 
loosely applied or fully or partially adhered to the wall. 
Exterior membranes are often considered the ideal form 
of waterproofing, since they protect the structure itself 
(especially reinforcing steel) from water. 
Integral waterproofing refers to the ability of the struc-
tural shell to resist passage of water. The term is often 
used to describe a variety of admixes that are supposed 
to decrease the permeability of concrete. The most cer-
tain of these are plasticizers and water-reducing agents. 
Regardless of how impermeable the concrete section is, 
the joints are always vulnerable and require treatment. 
Interior waterproofings are applied to the inside face of 
the wall or floor slab. Since they must resist hydrostatic 
pressures, interior waterproofing materials are limited 
to rigid, bonded cementitious coatings. The structure it-
self is exposed to water when the waterproofing 
membrane is placed inside. Some designers reject this 
approach, fearing it can lead to long-term rusting of 
reinforcing steel. 
The rigidity of integral and interior waterproofing 
materials prevents them from sealing moving joints. 
These must be treated with accessory water barriers, the 
most common of which are waterstops. Most 
waterstops are fabricated from polyvinyl chloride 
(PVC) or synthetic rubber. While waterstops can retard 
leakage if the exterior membrane fails, they can also 
allow water to travel along their length. This hides the 
leakage source and complicates repair. Waterstops were 
originally devised for use in concrete culverts and 
.drainage channels, where they are intended to reduce 
the amount of leakage from joint movements due to 
thermal expansions and contractions. Both the required 
performance and the environment of building founda-
tions is very different from these original waterworks 
applications, and the overall value of conventional 
waterstops in building construction is not well docu-
mented. 
Waterproofing systems and products are further 
identified by their material composition or characteris-
tics, and by method of application. Exterior systems in-
clude bituminous laminate (built-up) membranes, 
liquid-applied and sheet-applied elastomeric materials, 
bentonite clay membranes, and cementitious coatings. 
Liquid-applied systems may be applied hot or cold (at 
ambient temperature). Exterior cement-type coatings 
are rarely used in building construction, except as parg-
ing on masonry basement walls. They are similar to 
cementitious materials used at the interior, but are not 
accessible for repair of cracks. 
Problem building sites in many regions that were 
once bypassed are now being developed, and the need 
for waterproofing in basements seems to be increasing. 
Most products sold for waterproofing can perform 
satisfactorily if installed correctly, so two important is-
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sues of system selection are the ability of the system to 
meet the flashing and detailing requirements of the 
structure, and the availability of competent applicators. 
Other considerations are summarized below: 
• non-critical preparation and application require-
ments (mixing of components, timing and 
temperatures of fluids) 
• continuity of system at joints, junctures, odd con-
figurations 
• ease of flashing 
• impermeability of membrane 
• nature of vulnerabilities of membrane: difficulties 
of sealing seams; likelihood of blistering or pinhol-
ing; inability to accommodate movement; 
likelihood of long-term deterioration 
• susceptibility to damage prior to and during back-
filling or application of wearing course (roofs) 
• "self-healing'' ability 
• required condition and finish of substrate 
• application limitations: weather, timing tempera-
tures, etc. 
• application hazards: toxicity and flammability of 
materials 
• restrictions in handling and storage (temperature, 
moisture, time) 
• availability 
• ease of repair (accessibility and mending) 
• intimacy of bond with substrate 
• durability under hydrostatic head and flowing 
groundwater 
• sensitivity of membrane material to chemical 
agents present in soil and ground water 
• requirements for curing, protection, immediate 
backfill, and coordination of timing with other 
trades 
• availability of supervision from manufacturer 
• availability of guarantees and nature of coverage 
• availability or need for accessories for expansion 
joints, pipe flashing, etc 
Crawl-Space Design 
Crawl spaces are often used on sloping sites with 
drainage problems, and are too often considered an ex-
pedient way of elevating the building above the mois-
ture hazard. Instead, a poorly designed crawl space may 
bring the moisture directly inside the structure. Con .. 
densation and decay can continue for long periods of 
time without notice due to the infrequency or un-
likelihood of inspection. By the time problems are 
detected in the living space, remedies are difficult and 
expensive. 
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Most crawl space problems can be prevented by 
giving it the same consideration as basements, with 
respect to drainage, dampproofing, and thermal detail-
ing to avoid condensation. Ideally, the crawl-space floor 
should be at or above the level of exterior grade, so that 
it drains to the outside. 
Vented Crawl Spaces 
Vented crawl spaces may have perimeter foundation 
walls (and are enclosed crawl spaces), or the floor may 
be carried on beams spanning over a system of piers for 
which no walls are necessary (open crawl spaces). Pier 
foundations are not common in northern regions, ex-
cept for decks and porches, manufactured or mobile 
homes, buildings having few pipes and ducts below the 
floor, or for some structures on very steep sites or wet-
lands. Crawl spaces created by pier foundations are 
usually screened for decorative purposes and to keep 
out vermin. 
Enclosed crawl spaces have no communication with 
the outdoors except as designed. Vent openings are 
traditionally provided only as a moisture control 
measure, although venting is now recommended as a 
means of radon control. The principal disadvantages of 
a vented crawl space over an unvented one are: pipes 
and ducts must be insulated against heat loss and freez-
ing; and the entire floor area overhead must be insu-
lated, which increases cost. Vented crawl spaces are 
often provided with operable vents that can be closed 
to reduce winter heat losses. Homeowners often forget 
to open these during the summer, calling into question 
their desirability. 
Ground Cover Requirement 
Ground cover membranes restrict evaporation of soil 
moisture and have been shown to be the single most im-
portant means of preventing moisture problems in 
crawl spaces. Ground covers are not required 
everywhere. In 1962, the Building Research Advisory 
Board recommended that they be installed in all north-
em climates where the total annual precipitation ex-
ceeds 20 inches, including the water equivalent of 
snowfall. This was offered as a tentative rule. A sub-
sequent climatic map of wood decay hazard shows the 
demarcation between "lowest'' and "moderate" hazard 
almost coincident with 20 inches annual precipitation 
(Verrall & Amburgey, n.d.). 
The ground cover material should have a perm 
rating of no more than 1.0, and must be rugged enough 
to withstand foot and knee traffic. Recommended 
materials include 6-mil polyethylene and 45- or 55-
pound smooth roll roofing (Federal specification Class 
A, Type 1). Roll roofing is not recommended for very 
wet soils, as fungi can decompose it over time. All debris 
must be removed and the soil leveled befc:>re laying the 
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membrane. Edges of the membrane need to be lapped 
four to six inches. No sealing is required. 
It is not necessary to carry the soil cover up the face 
of the wall, unless the interior grade is below that out-
side. This exception would help confine water that may 
leak through the wall to the underside of the membrane. 
The foundation must be built and the site graded so that 
surface water runoff and rain leakage do not penetrate 
the wall and vent openings and puddle on top of the 
cover. Moisture control measures must extend outside 
of the foundation, and include the same recommenda-
tions for drainage control around basements. 
Vent Requirements 
A rectangular plan crawl space requires a minimum of 
four vents, one on each wall, located no further than 
three feet from each comer. The vents should be located 
as high on the wall as possible, to best capture breezes. 
The total net free (open) area of all vents for a crawl 
space with ground cover should be no less than 1/1500 
of the floor area. The gross area of vents required 
depends upon the type of vent and how it is screened. 
The required gross area can be found by multiplying the 
1 I 1500 area by the factors in Table 1. Ventilation is not 
sufficient in the presence of moist soils. 
Ventilation standards in the United States for crawl 
spaces have not changed in 40 years. Most experts seem 
to feel they are adequate, stating that houses observed 
with serious moisture problems usually do not meet the 
standard, or fail in other respects (like venting clothes 
dryers into the crawl space, or inadequate protection 
against surface and ground water infiltration). The most 
common vent-related failures include: 1) providing the 
required 1/1500 in gross vent area instead of free area: 
2) providing vents only on one pair of walls, or not near 
the comers; and 3) vents becoming obstructed on the in-
side by ducts and plumbing, or on the outside by shrub-
bery, condenser units, porches, and patios. Another 
common problem is the failure of homeowners to open 
operable vents that have been closed for the winter. 
It may be noted that the National Building Code of 
Canada and the Canada Mortgage and Housing Cor-
poration require 1/500 the floor area in vent, or 3 times 
the standard practice in the United States. This recom-
mendation has also been made by Hansen (1963) of the 
National Research Council of Canada. 
Unvented Crawl Spaces 
Venting of the crawl space is not necessary for moisture 
control if it is continuous with an adjacent basement. 
Venting is clearly incompatible with crawl spaces used 
as heat distribution plenums. There are many ad-
vantages to designing crawl spaces as semi-heated 
zones. Pipe and duct insulation is not necessary, and the 
foundation is insulated at the crawl space perimeter in-
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Table 1. Crawl Space Vent Area Requirements 
Multiply gross vent area* by 
Obstructions 
in vents no soil cover** with soil cover*** 
should consider the effect of the particulars 
of each upon the others. With respect to mois-
ture problems in houses, special attention 
should be given to roof, surface, and founda-
tion drainage; to water, vapor, and capillary 
barriers; and to the location of insulation in 
the wall assembly. Pressure-treated lumber is 
recommended for sill plates and band joists 
as a precaution, but not as a substitute for in-
formed design. 
1/4-inch mesh hardware cloth 
1 /8-inch mesh screen 
16-mesh insect screen 
louvers + 1/4" hardware cloth 
louvers+ 1/8" mesh screen 
louvers + 16-mesh screen 
• as determined by the 1/1500 formula 
10 
12.5 
20 
20 
22.5 
30 
1.0 
1.25 
2.0 
2.0 
2.25 
3.0 
••vent areas may be reduced by one-half if the crawl space floor soil is dusty dry 
***the indicated amount or four vents, whichever is greater 
Source: Verrall and Amburgey 
stead of its ceiling. This uses less insulation, simplifies 
installation difficulties, and can be detailed to minimize 
condensation hazards. However, unvented crawl 
spaces may be undesirable in areas of high radon 
hazard. 
Moisture problems in crawl spaces are common 
enough that many agencies are unwilling to endorse 
them without vents. However, unvented crawl spaces 
are considered acceptable "except under severe mois-
ture conditions," by the University of Illinois Small 
Homes Council (Jones, 1980). Crawl spaces can be 
designed as short basements with respect to drainage 
and waterproofing practices, and having a higher floor 
level, should be subjected to less water hazard. If 
designed this way, the main distinction between un-
vented crawl spaces and basements is in the owner's ac-
cessibility and likelihood of noticing of moisture 
problems. 
Other Design Considerations 
Other issues in crawl space design and construction in-
clude decay due to poor detailing of adjoining porches, 
decks, stairs, and carports; termites; radon; and acces-
sibility for inspection and repair. Accessibility is an ob-
vious issue that . is often neglected in design. There 
should be adequate space under all beams, pipes, and 
ducts to allow a worker access to all areas of the crawl 
space, and especially all of the perimeter. Codes and 
standard practice guides usually call for a minimum of 
18 inches between the crawl space floor and the under-
side of the joists. A more conservative approach is to 
allow 18 to 24 inches clearance after ducts and plumb-
ing are installed. Low ceilings also impede ventilation. 
An access way into the crawl space must be provided. 
Foundations must be designed for the circumstances 
of individual sites and user requirements, and their 
design must begin with an understanding of these con-
ditions. The performance of structural, thermal, 
drainage, and water, vapor, termite, and radon control 
systems are often interrelated. The prudent designer 
Foundation Design Practices 
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Notes: 
1. Field investigators in severe climates often find no 
evidence of condensation on rim joists that have been 
insulated at the inside with batt insulation without 
vapor retarders, under conditions where steady-state 
analysis suggests it should occur. Some researchers at-
tribute this is to infiltration of relatively dry outdoor air 
through rim joist joints; this is supposed to dilute the 
moisture content of air in the vicinity of the joist and sill 
plate. 
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The Effect of Various Mechanical Ventilation Systems on 
Indoor Air Quality and Moisture Control in Residential 
Buildings - Two Case Studies 
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Outdoor air flows through a house either unintention-
ally as infiltration (and exfiltration) or intentionally as 
mechanical ventilation air. Air exchange is a primary 
means of control for indoor air pollutants. The energy 
associated with heating or cooling the outdoor air can 
be a significant load on the heating and air conditioning 
system of the house. 
A balanced mechanical ventilation system must con-
sider both the energy factors and the control of indoor 
contaminants. The American Society of Heating, 
Refrigerating and Air-Conditioning Engineers (ASH-
RAE) Ventilation Standard 62-1981R (forthcoming) 
defines minimum outdoor air supply rates. ASHRAE 
recommends a minimum ventilation rate of 10 cubic feet 
per minute (CFM) entering each room; except kitchens 
and bathrooms, where rates of 100 CFM and 50 CFM 
respectively, are recommended when these rooms are in 
use. This means mechanical exhausts must be added in 
kitchens and bathrooms. Without the exhaust fans, 10 
CFM per room in five or six rooms may translate into 
about 0.2- 0.4 air changes per hour (ACH). The actual 
ACH depends on the number, size, and type of rooms 
ina home. 
A shortcoming of the established minimum ventila-
tion rate is that an "adequate" ventilation level for 
protection from indoor air pollutants is unknown. The 
effectiveness of both infiltration and mechanical ven-
tilation to control indoor air pollutants is dependent on 
a number of factors, including the type, source and con-
centration of indoor pollution, house design, and 
mechanical ventilation system operation and main-
tenance. 
When fresh air input rates are depressed, con-
taminants will concentrate indoors. Most central heat-
ing systems draw their combustion air internally from 
basement intakes and rely on infiltration and natural 
ventilation to supply fresh (make-up) air. To a large de-
gree, therefore, the ratio of fresh air to recirculated air 
flowing through the system will depend on tightness of 
the home and the rate of natural ventilation. The lowest 
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fresh/ recirculated air ratios will occur in tight (energy-
efficient) homes during the winter when natural ven-
tilation is likely to be at a minimum. Probably not 
coincidentally, these homes generate the greatest num-
ber of indoor air quality complaints. On the other hand, 
homes that are not tight can have increased infiltration 
rates during the winter when the stack effect is usually 
greatest, wind speeds can be high, and shielding from 
deciduous trees is at a minimum. 
Case Studies 
The inter-relationship between natural infiltration, 
mechanical ventilation, hous~ design and construction, 
weather, and occupant activities are complex and dif-
ficult to quantify. The two case studies in this 
demonstration project will examine some of these 
relationships. 
Two mechanical ventilation system demonstration 
research projects were conducted with the goal of 
evaluating the air quality performance of several dif-
ferent ventilation strategies in providing acceptable in-
door air quality. The first demonstration project was a 
superinsulated, single-family detached house (Case 1). 
The second demonstration project involved five identi-
cal weatherized attached townhouse units (Case 2). All 
units in both demonstration projects were occupied 
during the study period. 
For each of the residential units studied the follow-
ing research methodology was used: 
1. Baseline measurements of moisture levels, indoor 
air quality, and energy use were taken; 
2. A dynamic computer simulation was used to as-
sess the performance of various mechanical ventilation 
strategies in improving indoor air quality and moisture 
control; 
3. The optimum mechanical ventilation strategy for 
each unit was installed; and, 
4. The indoor air quality and energy use was re-
measured to verify the improvement in moisture con-
trol, indoor air quality and energy consumption. 
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Table 1. Occupant and Lifestyle Parameters • Case I were made only at one location in the 
basement, which will generally be the 
area of highest radon concentration. 
Occupants: Husaband 
Wife 
Son 
Age 42 
Age40 
Age 19 
Age 18 
Age 15 
Age 10 
Employed daytime 
Homemaker/part-time employment 
Work days In addition to the real time con-
taminant measurements, integrated 
measurements were also made using 
palmes tube monitors for nitrogen 
dioxide (NOz) over a one-week period 
following the initial tt:st. A tracer gas 
decay test was used to measure air ex-
change rates between the two rooms 
and the outdoor air. 
No pets 
Son 
Daughter 
Daughter 
Approximately 40 showers/baths per week 
Approximately 13 cooked meals per week 
Appliances Gas 
Work days 
Schooldays 
Schooldays 
furnace 
40-gallon uninsulated water heater 
clothes dryer 
Electric range, refrigerator, dishwasher, clothes dryer, 
central air conditioner, in-plenum humidifier 
microwave cooking unit 
The air exchange measurements 
were made at the start of the test 
period and at the end of the test period. 
The results of these two measurements 
indicate an air exchange rate of about 
0.14 ACH for both the kitchen and 
basement zones during the initial 
period of the test. The air exchange 
rates were measured at about 0.24 
Approximate number of loads of dishes per week 10 
Approximate number of loads of clothes washed per week 
in hot water 
in warm wter 
Approximate number of loads of clothes in dryer per week 
Problems: Home damp with condensation on windows. 
Air "stuffy" 
10 
10 
15 
House overheats in winter. Remedy used was to block off one of the gas burners 
Air humid; cooking odors linger. Occupants often open doors and windows to air out 
ACH at the end of the test period. The 
existing heat recovery ventilator 
(HRV) operated continuously during 
these measurements and was rated to 
the house 
Heat exchanger fan runs continuously, yet poor air circulation through duct systems. 
CASE 1- A SUPERINSULATED HOUSE IN ST. 
PAUL 
A St. Paul, Minnesota, home was selected which had 
undergone a superinsulated retrofit during the summer 
of 1983. Built in 1957 on a 6,750 square foot urban lot, it 
was a one-level, 971 net square foot ranch-style house 
with a full, heated basement and detached garage. 
Figure 1 shows the floor plan, and Table 1 describes im-
portant occupant and lifestyle parameters. 
Assessment of Existing Conditions 
To assess the existing indoor air quality (IAQ) condi-
tions in the test house, the characteristics of the house 
and the occupancy patterns of the family were deter-
mined by completion of questionnaires and daily logs. 
The infiltration rates, interzonal air exchange rates, and 
concentrations of indoor contaminants were deter-
mined using real time measurements during a 42-hour 
period in the spring of 1984. Parameters measured 
were: nitrogen dioxide, carbon monoxide, carbon 
dioxide, radon, particles, formaldehyde, humidity, 
temperature, and energy consumption. 
Air contaminant concentrations in the residence 
were measured at two locations-the kitchen and a 
bedroom-and at one outdoor location. To make the in-
door measurements, a manifold was constructed to 
bring air samples to the monitoring equipment. Once 
the sample passed through the instrumentation, most 
of the air ·was recirculated back to the sample location 
in the residence. The radon and particle measurements 
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continuously provide 0.5 ACH. 
To assess whether outside weather conditions had an 
impact on the infiltration change, wind speed, direction 
and atmospheric pressure readings were obtained from 
the St. Paul Airport, which is located about five miles 
from the residence. The wind speed readings indicate 
that about 20 hours into the test the wind became ex-
tremely gusty (20-35 knots). At this same time, the wind 
direction started shifting from the south to the west-
northwest. This change in wind speed and direction 
LIVING ROOM 
BEDROOM 
Figure 1. Floor plan - Case 1 
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ould have had a definite effect on the air infiltration into 
the house since the exhaust and supply ducts of the 
HRV were now on the windward side of the house. 
The infiltration measurements pointed out a problem 
in the current ventilation plan of the house. The 
methane used for the tracer gas made its way outdoors 
primarily through the HRV exhaust duct. This 
produced high outdoor levels at this location. Since the 
fresh air supply to the HRV was also located near this 
point (about six feet away), exhaust air could easily re-
enter the ventilation system, depending on wind direc-
tion. 
During the test, the furnace fan would start when the 
air conditioner was switched on. The existing electronic 
air cleaner mounted in the return air duct would also 
operate during this period. 
COMPUTER SIMULATION 
Thermal and Ventilating Performance Modeling 
The superinsulated test house was modeled within the 
Honeywell General Engineering Modeling and Simula-
tion (GEMS) dynamic computer model structure, based 
on the house plan and construction details. The existing 
heating, cooling and distribution system was modeled 
as a two-zone heat delivery system with single-zone 
thermostat control. In the model, the air distribution 
flows were balanced to thermal conditions observed in 
each of two distribution zones-main floor and base-
ment. The existing HRV was modeled based on 
measured flows rather than rated flows due to sig-
nificant flow reductions experienced as a result of in-
stallation. Furnace cycling under a constant -20-F. 
design condition was plotted to verify that the models 
were properly interconnected and that space tempera-
ture control was within the normally predicted range. 
The estimated annual heating requirement of the model 
system was then calibrated to actual fuel consumption 
for the home. Calibration was achieved by minor ad just-
ment to the modeled level of basement insulation. A 
model of moisture transfer from zone to zone, from in-
door I outdoor air exchange, and from humidification 
and dehumidification of heating, ventilating and air 
conditioning equipment was also included. 
Air Quality Modeling 
A two-compartment air quality model was developed, 
with one compartment representing the basement and 
the other the main level space. The effects of infiltration 
(including flue stack flow, indoor I outdoor temperature 
difference, and wind driven sources), mechanical ex-
haust, interzonal mixing, internal air contaminant 
generation, removal, and system cycling were all con-
sidered in the model. For the reference case, the kitchen 
range exhaust fan was considered to be not in operation. 
Effect of Mechanical Ventilation Systems 
Contaminant generation from people and processes 
was handled by inputting a daily schedule of occupan-
cy and activity periods. This was developed based on 
assumptions of life style, or entered directly when the 
occupant pattern for a specific case was known. 
Open loop simulation of this model was performed 
to verify that interactions predicted by the model were 
realistic with actual data. Some interactions were not 
verifiable by field data, since in real situations the in-
fluencing factors cannot be controlled. Specifically, 
open loop tests were performed where each of the 
parameters influencing space concentration in the 
model were studied independently. These included in-
terzone mixing, infiltration, mechanical exhaust, air-to-
air heat exchanger operation, and natural air 
infiltration. Plots of actual concentrations of carbon 
dioxide ( C02) were genera ted to verify that the dynamic 
space concentration response to step changes in the 
parameters were properly represented. Once con-
fidence in the model was established, the thermal and 
air quality models were integrated so that closed loop 
overall system interactions could then be examined. 
Simulation Methodology 
To achieve the program goal of evaluating candidate air 
quality improvement techniques relative to the existing 
HRV, a matrix of computer simulation runs were estab-
lished. Having identified a mixed air control system 
which seemed capable of meeting the goals of provid-
ing acceptable indoor air quality with a minimum of 
energy consumed, this became the baseline control sys-
tem for study with a number of implementation options 
to be evaluated. 
Simulation Results 
Preliminary results verified that there were situations 
where the existing HRV would not maintain acceptable 
air quality, as was actually reported by occupants in the 
house. Therefore, candidate strategies cannot directly 
be compared to the baseline system from an energy 
standpoint alone, since that baseline system does notal-
ways meet the minimum requirement of acceptable in-
door air quality and moisture control. The energy 
savings or penalty of candidate strategies can only be 
compared when the system first meets minimum air 
quality requirements. 
The computer modeling demonstrated that the intro-
duction and proper distribution of 0.5 air changes per 
hour (ACH) of outside air is required to maintain ac-
ceptable indoor air quality. This brings the modeled 
residence into compliance with both ASHRAE and 
Swedish National Standards for minimum acceptable 
air quality, and establishes the basis for mixed air con-
trol comparison. 
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Figure 2. Carbon dioxide measurements 
Results of Test Period 
The concentrations obtained for C02 during the test 
period are shown in Figure 2. The C02 results show 
very little difference between the kitchen and basement 
test zones. There was a gradual decreasing trend evi-
dent in both indoor and outdoor measurements. This 
might be attributed to weather conditions experienced 
during the test (e.g. increase in wind velocity and direc-
tion). The carbon monoxide (CO) measurements shown 
in Figure 3 indicate very little difference between indoor 
and outdoor levels. For CO, the indoor I outdoor ratio 
remained about 1.0 with some noticeable exceptions 
producing outside fluctuations. The fluctuations in CO 
might have been due to occupants parking their 
vehicles near the kitchen, allowing CO to be pulled into 
the house through the fresh air intake of the HRV. 
The measurements made in the basement den area 
for radon indicate very low working levels (0.002 WL) 
of radon decay products. As a comparison, the ASH-
RAE recommended level of radon is 0.01 WL. 
The particle measurements in Figure 4 show high 
peaks that probably occurred during times of smoking 
(four of the occupants smoked cigarettes). The avera?; 
measured particle concentration was 113.20J.Lg/m . 
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Figure 4. Particle concentration 
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Available National Ambient Air Quality Standards are 
75J.Lg/m3 for an annual average and 260J.Lg/m3 for a 24-
hour period. 
To obtain an estimate of particle generation from 
sources other than tobacco smoke, the two particle size 
regions (0.3 - 0.378 and 3.0 microns) were plotted 
(Figure 5). Since tobacco smoke usually has an upper 
diameter of 2.0 - 3.0 microns, this Figure shows the 
levels of other particle sources such as household dust 
or pollen. 
The kitchen area temperature remained at about 84 'F. 
with a basement temperature of about 75 'F. The out-
door temperature, varied from about 65 ·-90'F., depend-
ing on the time of day. 
Basement relative humidities ranged between 51-
59% and kitchen humidities were about 30-40%. There 
was a large variation in the outdoor humidity measure-
ments. 
Description of Modifications 
Based on the results of the baseline air quality monitor-
ing, dynamic computer simulations of various 
mechanical system modifications, and visual inspection 
of central forced air heating, ventilating, and cooling 
systems, the following modifications were made: 
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Figure 5. Particle concentrations for two size fractions -
0.~.378 microns and 3.0 microns 
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1. The existing HRV was removed and an outside 
air dilution cycle installed which provided adiabatic 
mixing of outdoor and return air for thermal and air 
quality control. Functionally, the dilution cycle 
operated like a variable-air-volume (VAV) system by 
adjusting the amount of outside air brought into the 
house, depending on need. Computer simulations indi-
cate that the dilution cycle should provide improved air 
quality conditions at about the same energy perfor-
mance as the HRV. 
2. The humidifier originally installed on the forced-
air furnace was removed. 
3. Air was supplied to the downstairs bedroom and 
the downstairs den, which previously had no heating 
or cooling ducts. 
4. Excess air to the other downstairs bedroom was 
blocked off. 
5. Return air grilles and ductwork for the child's 
upstairs bedroom, and new air supply duct for the base-
ment bedroom were installed. 
6. Removed the existing kitchen range and range 
hood (which had been deactivated durin~he 1983 
energy retrofit) and installed a new Jenn-Air kitchen 
range with a built-in exhaust system. This exhaust sys-
tem included an electronic air cleaner and was revised 
to automatically provide outside dilution air if gaseous 
concentrations rose above acceptable levels. 
7. Installed new ductwork for make-up and exhaust 
air to the mixing plenum to replace existing ductwork, 
which could have been causing self-contamination. The 
new ductwork provides make-up on the south side of 
the house and then exhausts the air to the north side. 
8. Heating, ventilating and air conditioning 
(HV AC) control strategies were modified to provide 
dehumidification in winter by diluting with outside air, 
and in summer by mechanical refrigeration; to activate 
the electronic air cleaner or the kitchen range upon in-
crease of particulate concentrations; and to provide 
dilution control through the kitchen range exhaust 
upon increases in gaseous concentrations. 
The cost of modifying the original HV AC system was 
$2,000. The cost of replacing the range was considered 
as a separate item, as its function was be evaluated in-
dependently from the HV AC system. The range cost 
was $1,050. 
System Operation 
The HV AC control system was modified to provide im-
proved air quality with little or no impact on the ener-
gy consumption of the system. 
The control system has been designed to function in 
six separate climatic regions: 
Region 1: Cold/Dry Outdoor Conditions. When the 
furnace is energized, the electronic air cleaner is ener-
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gized with the supply fan. If the room humidity is below 
the set point (40%), the outdoor damper in the dilution 
control package remains in the minimally open position 
for combustion air, the exhaust damper closes, and the 
return damper opens to recirculate the air. If the room 
humidity is above the set point, the outdoor and exhaust 
air dampers open and the return air damper closes to 
maintain a mixed air temperature at 55 r. and humidity 
ratio of 0.0036 pounds of water per pound of air or less. 
If the room humidity is above set point and the thermo-
stat does not have the furnace running, the supply fan 
is energized by the humidistat. If recirculation is not suf-
ficient to lower the humidity below the set point in 15 
minutes, the dampers modulate to provide mixed air at 
55 r. at a relative humidity (RH) less than 40%. 
Region II: Cool/Humid Outdoor Conditions. Ther-
mostatic control is the same as for Region I. The mini-
mum amount of dehumidification available through 
this strategy is limited by the humidity ratio and 
temperature of the outdoor air. If the outdoor air is 
saturated with water vapor, the minimum 
dehumidification available is 0.81 pounds per hour. For 
colder outdoor temperatures, the difference in 
humidity ratios increases, thus increasing the 
dehumidificationcapability,althoughthepercentageof 
outdoor air decreases. For warmer outdoor tempera-
tures, the percentage of outdoor air increases, thus in-
creasing the dehumidification rate assuming the 
outdoor air humidity ratio remains constant. When the 
humidity ratio of the outdoor air exceeds that cor-
responding to the set point of the humidistat, 
dehumidification cannot be achieved by dilution. 
Region III: Isothermal Conditions. When the out-
door temperature is above the winter and below the 
summer set points of the thermostat, the furnace and 
the refrigeration system are shut down. However, if the 
set point of the humidistat is above the humidity of the 
outdoor air, removal and dilution control with outdoor 
air is provided. 
Region IV: Warm/Dry Outdoor Conditions. When 
the room air temperature exceeds the first stage sum-
mer set point, the humidity is below the set point of the 
humidistat, and the enthalpy of the outdoor air is below 
the loci of set points of the outdoor dilution cycle con-
trol, sensible cooling is provided by dilution with out-
door air supplied at low fan speed. 
Region V: Warm/Humid Outdoor Conditions. 
When the room air temperature exceeds the first stage 
summer set point and the humidity is above the set 
point of the humidistat, the dampers in the dilution 
package are de-energized (i.e, minimum outdoor air 
provided), the refrigeration system is energized, and the 
air is supplied at low fan speed to decrease the sensible 
heat ratio for improved dehumidification and energy 
efficiency. 
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Figure 6. Schematic of air mixing In plenum-system 
Region VI: Hot Outdoor Conditions. When the 
room air temperature exceeds the second stage summer 
set point, the dampers remain de-energized and air is 
supplied at high fan speed to increase the sensible heat 
ratio required for sensible and latent cooling at a sum-
mer design conditions. 
Schematics of the air mixing plenum, and the HVAC 
system after the modifications, are shown in Figures 6 
and 7 respectively. 
For purposes of this project, the controls for this 
device were provided by Honeywell, Inc. A summary 
of the control operation is found in Table 2. 
Results and Conclusions 
From the baseline evaluation, it can be concluded that 
contaminants such as N02 and possibly even CO may 
level, on the average, would probably put the occupants 
at an exposure greater than the U.S. Environmental 
Protection Agency (EPA) allowable annual averages; 
however, the 24-hour standard was not reached. It 
should be remembered that the air cleaner was in opera-
tion during much of the test period and that the particle 
levels might have been much greater near the spot sour-
ces of generation. The operation of the air cleaner c~uld 
also account for the low radon progeny concentrations 
found. From the data, it would appear that the tempera-
tures in the kitchen are on the high side, around 85 'F. 
average. This could also contribute to the uncomfort-
able feeling of the occupants. 
The thermal and indoor air quality performance of 
the HV AC modifications was evaluated in February, 
1985. The same data collection protocol as in the original 
monitoring period (baseline) was used. As a result of 
the re-evaluation, slight changes were made to the se-
. quence of operation procedure and to the control lad-
der diagram. A summary of the final control operations 
is in Table 2. In addition, an operations manual was 
prepared for the occupants. . . . . . 
Preliminary results of the HVAC modifications Indi-
cate that room air humidity control at 30% RH was 
achieved at the room air temperature of 71 "F., compared 
to humidities which often exceeded 50% previously, 
and resulted in condensation formation on the win-
dows. Concentrations of C02 did not exceed 600 ppm 
during the first week of the re-evaluation, except when 
thermostatic night set-back was employed. During 
night set-back, the furnace remained de-energized 
throughout the night. Temperatures upstairs and 
downstairs dropped less than 30"F. and 6 'F., respective-
ly, although outdoor temperatures dropped to below 
lO"F. Because the humidity remained below the set 
point, the furnace blower was not energized during 
night set-back and stratification between rooms became 
apparent. For example, the C02 concentration in the 
downstairs bedroom increased to approximately 1100 
SUPPL'< Al ll. not be much of a concern in this ,....-----=:..: _ ___:__ _____ --, 
particular superinsulated 
house. This statement does not 
hold true for all superinsulated "~~T 
houses. High levels of C02 were OUT.s 1 o £ 
observed initially in the test 
(greater than 1000 parts per mil-
lion), and this may explain the 
IN I" II.. TRATION 
stuffiness perceived by the oc-
cupants. This stuffiness, 
coupled with what appears to 
be good mixing within the 
house and very low air infiltra-
tion rates with the outside, 
could possibly be the cause of 
occupant concern. The particle Figure 7. Schematic of system sfter IAQ modlf:catlons (Woods, 1985) 
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Table 2. Summary of Control Operations Case 1 
Thermostat 
heating mode cooling mode 
furnace burner ignites 
(fan comes on at low 
speed automatically 
First stage - outdoor air 
damper and circulating fan 
(low speed) if outdoor temp-
erature and humidity low 
enough (enthalpy control 
closed) 
Second stage - air 
conditioning compressor 
and circulating fan (high 
speed) Enthalpy control 
is deactivated when com-
pressor is energized 
Humidistat 
Heating mode -
circulating fan (low 
speed) 
outdoor air if there is 
a call for heat 
outdoor air after 15 
minutes operating 
time 
Cooling mode -
circulating fan (low 
speed) 
air conditioning com-
pressor if there is a call 
for first stage cooling. 
Enthalpy control is 
deactivated when com-
pressor is energized 
Bathroom Timer 
Heating mode -
circulating fan (low 
speed) 
outdoor air if there is a 
call for heat 
outc' r air if the bathroom timer 
is rL ~t before it times out (if it 
runs for more than 15 minutes 
before timing out) 
Cooling mode -
air conditioning compressor 
if ther is a call for first stage 
cooling. Enthalpy control 
is deactivated when com-
pressor is energized 
• The functions of this control are not affected by the thermostat, heating or cooling, or by any of the other controls 
Kitchen Gas 
Sensor/Switch* 
Auto position 
The following happens 
only when the sensor is 
activated by gaseous 
contaminants 
circulating fan 
(low speed) 
outdoor air damper 
Jenn-Air exhaust dampers 
open to outside 
Off position 
deactivated --
nothing operates 
On position 
circulating fan (low speed) 
outdoor air damper 
Jenn-Air exhaust dampers 
open to outside 
ppm when cigarette smoking occurred and the door 
was closed, while C02 concentration in the upstairs 
kitchen remained at approximately 600 ppm. 
HV AC system not only improved the indoor air quality 
but also slightly decreased the gas use for space heating. 
A comparison of total gas and electric energy con-
sumption for three house conditions are summarized in 
Table 3. The three conditions are: 1) before the initial su-
perinsulation retrofit; 2) after the superinsulation 
retrofit; and 3) after the final modifications to the HVAC 
system. The results indicate that the modifications to the 
CASE 2- EVALUATION OF FIVE MECHANICAL 
VENTILATION SYSTEMS FOR CONTROL OF 
INDOOR HUMIDITY LEVELS IN WEATHERIZED 
TOWNHOUSES 
Since 1982, approximately 800 attached residential units 
belonging to the St. Paul Housing Authority (SPHA) 
Table 3. Gas and Electrical Usage - Case I 
Before Sl* Retrofit 
Sept. 1 , 1982-
Mar. 31, 1983 
*Superinsulation 
After Sl Retrofit 
Sept. 1 , 1983-
Mar. 31 , 1984 
After HVAC Modifications 
Feb. 1 , 1985-
Feb. 1, 1986 
Gas1 
(CCF) 
864 
420 
296 
Equivalent2 
BTUs (x106) 
102 
49 
46 
Total 
Electric Use3 
(KWH) 
7904 
7650 
13609 
Equivalent 
BTUs (x106) 
27 
26 
46 
Total 
BTUs (106) 
129 
75 
6233 
6470 
92 7980 
(23o/o { 2 3 °/o 
increase) increase) 
NOTES: 1 . 
2. 
3. 
4. 
45 CCF gas/month was subtracted from the total measured nonthly gas use to account for the 
gas dryer and water heater use. This number was derived by averaging the measured monthly 
gas use for the months of June, July and August for the three (3) year period when no space 
heating was required. 
Based on 85% furnace efficiency. 
Obtained from reading electric meter. 
Heating Degree Days (HOD) obtained from local weather data records. Internal heat gain not induded. 
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Table 4. Case II - Summary 
Monitoring Period - 4/22185 to 4/29/85 (8 days) 
Mechanical Ventj!atjon System 
Unit 1 Unit 2 
System Criteria 
Mechanical Unit HRV in B LEF 
Air Exhaust K, ULB, LLB K, ULB, LLB 
Air Supply B - -
Control H in RAD H in LL & 
in B HL hall 
(Low Speed) 
RH set point (%) 40 40 
System Performance 
RH maximum (%) 70±9 64.8±3 
RH minimum (%) 39±14.7 47.2±6 
ARH (0/o) 31 17.6 
Energy (hours) 
gas valve on 0.6 2.1 
furnace fan on 2.8 2.3 
Temperature in LL (°F) 
maximum 71±2 77.6±3.2 
minimum 67.2±3.8 71.6±2.3 
Temperature Range (°F) 
UL toLL 
AT (°F) 7-1 5 6-1 6 
AT (°F) 11.4 11 .6 
Unit 3 Unit 4 
HRV in B HRV in B 
RADin LL K, ULB, LLB 
RADin B B 
Constant H in UL 
on hall 
- - 40 
68.2±1 0 62±2 
38.6±9 46.8±3 
29.6 15.2 
5.0 5.3 
5.3 5.4 
79±1 78±1 
73±1 72±1 
7-1 2 9- 1 6 
9 .4 1 4 
Unit 5 
VAV in B 
RADin B 
SAD in B 
Dilution, 
Filtration 
40 
57 .2±3 
43.2±4 
14 
1.8 
36.0 
72.2±4 
66.0±3.4 
8-8 
6.6 
Control 
Unit 
Unchanged 
- -
- -
- -
72.8±8 
50.4±5 
22.4 
2.4 
2.7 
75.8±1.9 
72.2±1.6 
1 0-20 
1 5 
Notes: K= Kitchen; ULB= Upper Level Bathroom; LLB= Lower Level Bathroom; UL= Upper Level; LL= Lower 
Level; B= Basement; RAD= Return Air Duct of furnace; SAD= Supply Air Duct of furnace: aT= average dif-
ference in Temperature between UL & LL; ARH= difference in Relative Humidity (%); H= local Humidistat 
control; LEF= Local Exhaust Fan; HRV= Heat Recovery Ventilator; VAV= Variable Air Volume in furnace ducts 
have been modified for energy conservation. The 
modifications included installation of double-pane 
windows, addition of wall and ceiling insulation and 
replacement of gravity furnaces with forced-air fur-
naces. All units are two-level structures with full base-
ments, grouped into four-unit buildings. 
After the weatherization, many of the occupants 
began to complain of excess moisture and deteriorating 
air quality. To resolve this problem, five identical units 
(in terms of design and site location) were selected to 
evaluate the moisture controlling effectiveness of five 
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different mechanical ventilation systems. A sixth unit 
was also selected, identical to the other five, and was 
unaltered to serve as a control unit. All six units selected 
were at the northwest end of six separate four-unit 
buildings and were oriented along the same site axis. 
This greatly minimized the impact of site location and 
weather effects between the six test units. All six units 
had three bedrooms and identical floor layouts. 
After the weatherization, a blower door test was used 
to determine air-tightness of the test units. All units had 
remarkably similar air change rates, measuring be-
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tween 2.2 and 2.4 ACH at 50 Pascals. Using the Prin-
ceton model reference, this translates to an average 
natural air change rate of 0.12 ACH. 
In addition to the weatherization of the units, a 
population change had occurred in the units. Ap-
proximately 70% of the residents were now Southeast 
Asians, who have a lifestyle that demands large water 
consumption rates for cooking. As a result, of the 
weatherization and the lifestyle of the residents, severe 
moisture problems developed in the units. Condensa-
tion often formed in window sills, and at the structural 
connections between the outside walls and the floors 
and ceilings. This condensation caused significant 
deterioration of the concrete walls, and enhanced the 
proliferation of mold and fungal growth on the inside 
surfaces of the walls, floors and ceilings. 
To resolve the moisture problems, a different ventila-
tion system was installed in each of the five identical 
units. The control unit was left unchanged. The five 
mechanical ventilation systems consisted of a mix of ex-
haust fans, heat recovery ventilators (HRV), humidis-
tats and other control devices. Each ventilation system 
was installed and evaluated over an eight-day period in 
April, 1985. The parameters monitored were: 1) relative 
humidity; 2) the total number of hours the gas valve to 
the furnace was open (indicating the furnace was in the 
heating mode); 3) the number of hours the furnace 
blower was on (indicating total blower operation time 
including the furnace heating mode and blower-only 
modes); 4) maximum and minimum indoor tempera-
ture in the upper level hall and the lower level near the 
furnace thermostat; and, 5) the average difference in 
temperatures between the upper and main floor levels. 
This information and a summary of the five mechanical 
ventilation systems are given in Table 4. 
Results and Conclusions 
In terms of controlling relative humidity, all five ven-
tilation systems showed improvement over the control 
unit. Unit 5, which had the variable air volume system, 
showed the best humidity control; however, it also re-
quired the greatest electrical energy use to operate the 
furnace blower (36 hours). Units 3 and 4 had the greatest 
gas energy use; both were over twice the gas use of the 
control unit. Measured temperatures near the thermo-
stat in the lower level showed no significant differences 
between the six units. However, in terms of minimizing 
temperature differences between the upper and lower 
levels (the basement temperatures were not recorded), 
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clearly unit 5 showed the best performance. All five 
units showed better temperature distribution between 
levels. 
Summary of the Two Case Studies 
The two studies provide evidence that if the indoor air 
quality impact of energy retrofits are not properly con-
trolled, potential energy savings may not be realized be-
cause of the health risks perceived by the occupants. 
Also evident is that C02 concentrations in residences 
may be sufficiently high for concern; that periods of 
maximum exposure to indoor contaminants do not 
necessarily occur at times of maximum heating or cool-
ing requirements; and that HRV s may not provide suf-
ficient dilution during moderating seasons in certain 
occupant situations and certain system designs. Thus, if 
the potential for energy savings is to be maximized, con-
trol strategies that are also responsive to changing in-
door air contaminant levels are required. 
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Human health can be adversely affected by conditions 
in the built environment, resulting from activities 
within the space; materials and techniques used in the 
construction process; and connections to the external 
environment (National Research Council, 1981; Wad-
den & Scheff, 1983). The relationships among these fac-
tors and indoor air quality are of particular concern 
because of the time people spend indoors at home, es-
timated from 58 to 78% of their time, with some groups, 
such as the elderly and infirm, spending all of their time 
indoors (Walsh, Dudney & Copenhauer, 1984). Airtight 
construction techniques implemented without the 
provision of adequate ventilation can contribute to high 
concentrations of airborne contaminants emanated 
from building materials and generated from household 
activities. These conditions are underlying factors 
which contribute to levels of indoor air pollutants that 
are higher than corresponding levels outdoors 
(American Society of Heating, Refrigerating and Air-
Conditioning Engineers, 1985). 
The issue of indoor air quality has become prominent 
because of low air exchange rates in new energy-effi-
cient homes (Lischkoff & Lstiburek, 1986) and reduc-
tions in these rates in existing homes retrofitted for 
energy efficiency. Where adequate ventilation is not 
supplied in such homes, resulting concentrations of air 
pollutants can pose serious health risks. One pollutant 
in particular, excess moisture, has been examined for its 
impacts on human health alone and in conjunction with 
other airborne contaminants, and has been linked with 
negative health effects (Green, 1979; Sterling, Arundel 
& Sterling, 1985). 
Purposes of Study 
The first purpose of this study was to estimate the 
average seasonal relative humidity based on observed 
relationships between physical characteristics of 253 
randomly selected housing units and single-point 
humidity measurements obtained from these houses. 
Three levels of estimated relative humidity were iden-
tified: optimum humidity, low humidity, and high 
humidity. Special attention was paid to people who live 
in high and low humidity situations. 
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The second purpose was to examine the potential 
relationships between self-assessed health status, 
socioeconomic characteristics of housing occupants, 
and estimated levels of seasonal relative humidity. Since 
the study was based on a cross-sectional sampling sur-
vey, no attempt was made to ascertain the causal 
relationship between levels of indoor relative humidity 
and potential health consequences. Instead, this study 
was focused on socioeconomic and health correlates of 
relative humidity. It was therefore hypothesized that 
respondents who have perceived a poor state of health 
may be more sensitive to indoor humidity changes, and 
they may be more likely to make necessary adjustments 
for achieving the optimum level of relative humidity. 
Review of Related Literature 
Water vapor is always present in household air. Inter-
nal sources include people, pets, and daily household 
activities, such as cooking, cleaning, bathing, and 
showering. (American Society of Heating, Refrigerating 
and Air-Conditioning Engineers, 1983). Moisture can 
also enter a house from external sources, including rain, 
snow, and ground water. This can cause structural 
damage as well as wet and damp conditions in base-
ments and crawl spaces, resulting in conditions as-
sociated with high relative humidity throughout the 
house. 
Moisture travels through a house by the principal 
transport mechanisms of air movement, diffusion, and 
capillary action (Lieff and Trechsel, 1982). The effects of 
these forces vary across houses because of site-specific 
conditions including topography, geology, wind speed, 
and structural characteristics. The balance among mois-
ture gain, loss, and storage is responsible for the level of 
indoor relative humidity, a significant component of a 
building's climate (American Society of Heating, 
Refrigerating and Air-Conditioning Engineers, 1985). 
Factors which affect a home's moisture balance are 
source strength, moisture transfer rate, air exchange 
rate, and temperature. Moisture balance problems 
occur at both low and high levels of relative humidity, 
and affect a house, its contents, and its occupants. In 
homes with high air change rates, the entry of dry 
winter air through the building envelope, including 
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cracks and holes around windows and doors, can result at levels of over 50%. Nitschke, et al. (1985) reported ex-
in excessively dry air inside a home. This condition cessive concentrations of formaldehyde in house air as-
leads to frequent shocks from static electric charges as sociated with building products exposed to high 
well as dimensional changes in house wooden struc- humidity levels. 
tural members and wooden furnishings. However, in Table 1. Demographic and Socioeconomic 
airtight, highly weatherized homes, problems as- Characteristics of Sampled Respondents, 
soda ted with high humidity are more common, includ- Western New York Counties, 1987 ing condensation on windows, walls, and in attics and 
Cumulative 
wall cavities (Lischoff & Lstiburek, 1986). Persistently Characteristics Frequency Percentage Percentage 
high levels of condensation can lead to rotting wood, by Age 
making conditions favorable for the growth of decay <30 36 14.6 14.6 
fungi. 30-44 96 38.8 53.4 
45-65 85 34.4 87.8 In addition to affecting structural conditions and fur- 65+ 30 12.1 100.0 
nishings in a home, relative humidity has been linked Missing cases 16 
to the control of airborne infections (American Society Sax 
of Heating, Refrigerating and Air-Conditioning En- Male 164 66.9 66.9 
gineers, 1983). Sterling, et al. (1985) reviewed relevant Female 81 33.1 100.0 
health literature, and concluded that optimal conditions Missing cases 8 
to minimize risks to human health occur in the relative Race 
humidity range of 40% to 60%. Below this range, dry White 239 98.4 98.4 
skin and mucous membranes can result in irritations to Non-White 4 1.6 100.0 Missing cases 10 
the throat and other areas. The process of effective 
evaporative cooling is interrupted at high levels of rela- Marital Status 
Single 10 4.1 4.1 tive humidity, increasing the likelihood of heat exhaus- Married 204 83.6 87.7 
tion and heat stroke. Separated or divorced 18 7.4 95.1 
Relative humidity levels can also affect health in- Widowed 10 4.1 99.2 Other 2 0.8 100.0 directly, through interactions with biological pathogens Missing cases 9 
and chemical substances often present in household air 
Highest Grade (Sterling, et al., 1986). Bacterial populations thrive at Completed 
both low and high humidity levels and are minimized Elementary 32 13.1 13.1 
within the 30% to 60% humidity range. Viruses, includ- High school 131 53.4 66.5 
ing vaccinia (cowpox), measles, influenza, and those Some college 44 18.0 84.5 College and advanced 
15.5 responsible for acute respiratory infections, have all degrees 38 100.0 
been found at low and high humidities, but populations Missing cases 8 
are minimized within the range of 50% to 70%. The posi- Employment during 
tive relationship between relative humidity and the past year 162 66.7 66.7 
growth of fungus was highlighted by the authors' Working full-time 33 13.6 80.3 Working part-time 
report of decreased growth rates at humidity levels Retired 29 11.9 92.2 
Others 19 7.8 100.0 below 80%. Also discussed by Sterling, et al. (1985), were Missing cases 10 
studies which indicate increased rates of respiratory in-
fections at humidity levels below 40%, increased inci- Income 35.6 35.6 Low (<$20,000) 83 dents of allergic rhinitis from exposure to allergens at Middle (20,001-45,000) 106 45.5 81.1 
levels above 60%; and an increasing severity of High (45,000+) 44 18.9 100.0 
asthmatic reactions at levels below 40%. Missing cases 20 
While also subject to seasonal variations in popula- Primary occupation 21.4 21.4 tion levels, the house dust mite appears to be sensitive Farmer 53 
Prof. and administrative 61 24.6 46.0 to relative humidity, with increased population levels 
Skilled workers 15.7 61.7 39 
above 60%. Green (1982) reported that house dust mites Laborers 8.0 69.7 20 
are linked to asthma and allergic rhinitis. Clerical and service 
Interactions of water vapor with chemicals found in- workers 22 8.9 78.6 Homemakers 22 8.9 87.5 doors result in compounds that are known respiratory Others 31 12.5 100.0 
and dermal irritants. These include salts and acids, as Missing cases 5 
well as formaldehyde from off-gassing of building Tenure status 
Owner 224 90.0 90.0 
materials and furnishings. Although some of these in- Renter 24 9.6 99.6 
teractions begin at humidity levels of 30%, most occur Other 1 0.4 100.0 
Missing cases 4 
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Determination of an optimum zone for indoor rela-
tive humidity conducive to human health is 
problematic because people are at varying risks for un-
desirable effects at either high or low relative humidity 
levels. Asthmatics, infants, and the elderly have more 
health problems at low levels, while those with allergies 
have difficulty tolerating high levels. In addition, the 
combination of high humidity and high temperature 
has been shown to increase the risk of adverse health ef-
fects for certain groups of people. In light of these con-
siderations, Sterling, et al. (1985) concluded that an 
optimum zone of relative humidity for human health 
exists between 40% and 60%. 
Data Collection 
The research instruments used in the study included a 
lengthy self-administered questionnaire and an on-site 
measure of indoor humidity. In order to assist respon-
dents in completing the questionnaires and to facilitate 
the on-site measurement, a decision was made to use a 
mail-out and personal pick-up procedure. When field 
~orke~s visited the households and retrieved the ques-
honnaues, they measured relative humidity in living 
rooms of the homes, using sling psychrometers. 
As local offices of Cornell Cooperative Extension 
were used as headquarters for the data collection effort, 
respondents were clustered by county, and individual 
counties were selected at random to represent different 
clusters. A two-stage stratified sampling technique was 
used. First, fourteen non-metropolitan counties in 
western New York were stratified in the manner sug-
gested by the use of cluster analysis procedure for pat-
tern recognition. Through this procedure, four clusters 
were identified: an urban cluster with two counties con-
taining the two major cities of the region: a rural cluster 
including three counties; a mixed cluster of eight coun-
ties; and the unique county in which Cornell University 
and Ithaca College are located is the fourth cluster. 
Within each cluster, one county was chosen at random 
to represent the cluster. 
After the four representative counties were desig-
nated, the second step was to select representative 
urban, rural, and farm households within each county, 
proportional to corresponding figures in the entire 
region. For a detailed description of the sampling pro-
cedure, see Chi and Laquatra (1987). The final sample 
size for this study was 253. 
ANALYSISOFDATA 
Characteristics of Respondents 
Respondents included in this study were adult mem-
bers of the sampled households. Demographic and 
socioeconomic characteristics of these respondents are 
presented in Table 1. The majority of respondents were 
of middle age. Two-thirds of the sample were male; one-
thir_d female. The sample also included predominantly 
white households. The respondents were primarily 
from middle-income households with high school 
education. Over 66% of respondents were employed 
full-time during the past year. In order to make some 
meaningful comparisons between rural and urban 
areas, farm households have been purposely over-
sampled (212.4%). Professional, administrative, and 
skilled workers make up 40.3% of the sample. Given the 
relatively high socioeconomic status of our respon-
dents, it was no surprise to find that 90% of them were 
homeowners. 
Estimates of Average Seasonal Relative Humidity 
Since the humidity level of each house was measured 
using a sling psychrometer on a given day when the 
questionnaire was picked up, it is a single-point 
measurement. However, the survey was conducted 
over the winter months of 1987, so that humidity levels 
of different households were measured over the season. 
Therefore, it was possible to estimate average seasonal 
re~ative humidity for each household if physical deter-
mlnants of relative humidity could be ascertained. 
~riginally, si~ sets of variables were considered as pos-
sible dete~nants of relative humidity: (1) housing 
type (moblle home vs. other housing types); (2) housing 
structure variables (number of full baths, presence of 
laundry room, basement vs. crawl space); (3) 
weatherization variables (attic, wall, and foundation 
wall insulation; caulking; storm windows; storm doors; 
attic ventilation); (4) structural deficiency variables 
Table 2. Regression Analysis of Relative Humidity 
(water in basement, frost in attic, other mois-
ture problems); (5) type of fuel (natural gas, 
fuel oil, electricity, wood); (6) indoor 
temperature (dry bulb readings). When 
regression analysis of these variables was 
performed on relative humidity, indoor 
temperature stood out as the only significant 
variable in the model. Such variables as hous-
ing type, storm windows, foundation wall in-
Independent 
Variable 
Room 
temperature 
Intercept 
Partial Regression 
Coefficient 
-1.11 
136.53 
Mean of the dependent variable = 57.09 
Standard 
Error 
0.15 
10.53 
-7.27 
12.47 
" AdjustecfR2 =0.1814 
Y (estimated average relative humidity) = 136.53 - 1.11 x (room temperature) 
66 
Pro b. 
0.0001 
0.0001 
sulation, and water in the basement were 
found to correlate with indoor temperature, 
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but had no significant effects on relative humidity. As a 
result, indoor temperature was the only variable used 
in the final regression equation. Statistical results in 
Table 2 indicate that indoor temperature had a sig-
nificant negative effect on relative humidity. This result 
is not surprising; when absolute moisture levels are 
held constant, relative humidity levels decrease as 
temperature increases. The estimates based on the 
regression equation may be interpreted as average 
measures of seasonal relative humidity. 
Health and Socioeconomic Correlates of Relative 
Humidity 
Based on findings from the literature review, average 
seasonal relative humidity levels were grouped into 
three categories: low (below 40%), optimum (between 
40% and 60%), and high (over 60%). As shown in Table 
3, when health and socioeconomic characteristics of 
respondents were examined for their association with 
these relative humidity levels, no clear causal relation-
their environmental conditions and their taking 
deliberate actions to modify them. This same result was 
observed at a slightly more pronounced level when 
respondents compared their health with others of their 
own age. Conversely, in both of these health measures, 
those reporting better health are the least likely to live 
in conditions of optimum relative humidity levels and 
the most likely to live in conditions of lower humidity. 
A lower sensitivity to this aspect of thermal climate 
among this group may be a possible explanation. 
Some interesting patterns also emerge when 
socioeconomic variables are examined. Younger people 
appeared to be the most likely to live in conditions of 
low relative humidity. A strikingly high proportion of 
the elderly (78%) were observed to be within the op-
timum range, suggesting a higher sensitivity to mois-
ture conditions. This result was also observed when 
gender differences and relative humidity levels were ex-
amined. About 70% of female respondents were ob-
served to live within optimum relative humidity 
ships could be estab-
lisned, but some pat-
terns were suggested. 
The high socioeconomic 
status of respondents in 
Table 3. Relationships Between Perceived Health Status, 
Socioeconomic Variables, and Estimated Average Relative Humidity 
Levels of Estimated Average Relative Humidity 
this sample may be 
responsible for the fact Variables 
that the majority of 
Low 
% 
PERCEIVED HEALTH STATUS 
Optimum 
% 
respondents (about 
67%) lived in conditions 
with optimum relative 
humidity levels. For 
those outside the op-
timum range, about 
three times as many 
people were likely to live 
in conditions of high 
humidity than those 
within the low range 
(around 24% vs. 8% 
respectively). 
Comparing health today with health 5 years ago 
Worse 6.06 71.21 
Same 8.50 66.01 
Better 1 o. 71 64.29 
Total 8.10 67.21 
Comparing helath with others of your age 
Worse 0.00 
Same 7.97 
Better 1 0.23 
Total 8.16 
78.95 
70.29 
62.50 
68.16 
When respondents SOCIOECONOMIC VARIABLES 
compared their per- Age 
ceived health status with 
their own status five 
years prior, a higher 
proportion of those 
reporting a decline in 
health status were ob-
served to be within the 
optimum range (71% ). A 
possible explanation for 
this result may be a 
higher sensi ti vi ty 
among this group to 
Less than 30 
30 64 
65+ 
Total 
Sex 
Female 
Male 
Total 
Income 
<$20,000 
$20,000-40,000 
Over $40,000 
Total 
13.98 
7.26 
6.25 
8.10 
6.17 
9.15 
8.16 
2.41 
13.21 
6.82 
8.15 
63.89 
66.48 
78.13 
67.61 
70.37 
65.85 
67.35 
73.49 
61.32 
72.73 
67.81 
Residential Moisture Conditions and Health Status 
High 
% 
22.73 
25.49 
25.00 
24.70 
21.05 
21.74 
27.27 
23.16 
22.22 
26.26 
15.63 
24.29 
23.47 
25.00 
24.49 
24.10 
25.47 
20.45 
24.03 
N 
66 
153 
28 
247 
19 
139 
88 
245 
36 
179 
32 
247 
81 
164 
245 
83 
106 
44 
233 
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conditions, as compared with 66% of male respondents. 
When respondents are categorized by income levels, 
a nearly identical proportion (73%) of low and high in-
come households were in the optimum relative 
humidity range, as compared to 61% of middle-income 
households. These results may be explained by different 
factors that affect moisture levels. Lower-income 
households would be more likely to manage their 
household energy budgets by lowering temperature 
and thereby increasing relative humidity levels. Higher 
income households would be more likely to set up 
higher temperatures but to maintain optimum relative 
humidity levels with mechanical equipment such as 
humidifiers. Unfortunately, data on the use of such 
equipment were not collected in this survey. 
Conclusions 
The unique nature of the sample used in this study may 
be responsible for the finding that a majority of the 
respondents live in conditions of optimum relative 
humidity. Most respondents in this sample who lived 
in conditions outside of the optimum range were ob-
served to be in conditions of high relative humidity. 
Potential explanations for this result include the 
prevalence of house tightening measures in this cold 
Northern climate or the use of humidifiers in hQ_mes 
where excessive cold air infiltration would otherwise 
result in lower relative humidity levels. 
The nature of our sample resulted in homes with lit-
tle variation in factors that contribute to thermal in-
tegrity, so that obvious relationships between 
weatherization variables and humidity levels could not 
be observed. As expected, however, temperature varia-
tions were seen to strongly influence levels of relative 
humidity. 
Although no causal relationships between perceived 
health status and relative humidity levels or between 
socioeconomic factors and such levels could be ascer-
tained from cross-sectional data collected in this study, 
some interesting patterns were observed. These war-
rant further research, especially along the following 
lines: 
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• A longitudinal study is needed to measure year-
round levels of relative humidity and to measure 
the incidence of moisture-related illnesses directly, 
including allergic asthma, allergic rhinitis, bac-
terial and viral infections, respiratory infections, 
and health problems related to chemical- humidity 
interactions. 
• For those who have perceived poor health status, 
an examination of long-term exposure to high or 
low relative humidity levels is necessary to deter-
mine whether such conditions contributed to 
declined health status over time. 
• For those who have perceived good health status, 
an examination of long-term exposure to high or 
low humidity levels would allow observations 
regarding links with some incidences of moisture-
related illnesses. 
• A study of people who change indoor relative 
humidity levels over time would allow an ex-
amination of whether health status is affected ac-
cordingly. 
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Condensation and Related Moisture Problems in Homes 
A Study of the Drying Potential of Various Wood-Frame Wall 
Systems Used in Atlantic Canada 
Leo McCuaig 
Oboe Engineering Ltd. 
R. D. Stapledon 
Canada Mortgage and Housing Corporation 
The paper presented at the November, 1987, sym-
posium reported an on-going research project spon-
sored by Canada Mortgage and Housing Corporation. 
Eight types of wall assemblies (panels) were built on the 
north and south walls of test huts in three locations in 
Atlantic Canada. The study investigated the effects of 
climatic differences, furring and sheathing permeance 
in the drying rates of both the lumber and wall as-
semblies. 
Data collection was completed in the fall of 1988. 
Data analysis was not complete as this publication went 
to press. This is a comprehensive three-year study. Ad-
ditional information gathered in the last year indicates 
Drying Potential of Walls 
the final conclusions may differ from the interim con-
clusions reported at the symposium. The research inves-
tigators requested that the interim conclusions not be 
included in this publication. However, they expect to 
publish final results in the near future. 
For further information on this study, contact: 
Oliver Foulkes 
Oboe Engineering Ltd. 
9-58 Antares Drive 
Ottawa, Ontario, K2E 7Z1 
Canada 
(613) 727-6263 
Fax (613) 727-0429 
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Moisture Damage to Homes in Champaign County, Illinois 
William B. Rose 
Research Assistant Professor 
Small Homes Council-Building Research Council 
University of Illinois at Urbana-Champaign 
The purpose of this study is to identify the scope and 
severity of moisture induced problems in single-family 
dwellings in the Champaign/Urbana, Illinois area. In 
particular, it seeks to find an association between mois-
ture damage and sources of moisture. Information 
about moisture damage to homes is often anecdotal. In 
the effort to establish an accurate basis for future re-
search, the Small Homes Council-Building Research 
Council (SHC-BRC) undertook the analysis of available 
data regarding moisture damage in the geographic area 
in which the Council is located. 
Research in construction technology must address 
existin? ~roblems. The research agenda proposed by 
the Building Thermal Envelope Coordinating Commit-
tee, BTECC, (under the auspices of the National In-
stitute of Building Sciences, NIBS) includes as a priority 
objective the establishment of a data base on moisture 
problems (Bales & Trechsel, 1984). There have been few 
s~d~es to date which have studied moisture damage in 
eXIsting homes. One such study is Moisture Induced 
Problems in NHAHousing: Analysis of Field Suroey Results 
and Projections of Future Problems (Marshall Macklin 
Monaghan, Ltd., 1983). In this report, the authors in-
tended to correlate the reported incidence and 
geographic distribution of moisture induced problems 
in NHAhousing. Their database consisted of 201 dwell-
ing units each of which had reported a problem. Studies 
by George Tsongas in Portland, OR (1980; 1984) and 
Spokane, WA (100 units in each city) focused on the risk 
of moisture damage only to wall cavities from the addi-
tion of insulation. 
There are difficulties in attempting to address the ex-
tent of damage within a population. The moisture 
problems often: 1) appear late in the service life of build-
ing elements; 2) occur within private domains where ac-
cess is rarely available; 3) occur in inaccessible areas in 
a building; 4) occur seasonally or at irregular intervals; 
and 5) depend upon the lifestyle of the occupants. 
It is unwise to expect that the costs of statistically ac-
curate random sampling methods for the United States 
housing stock, by climatic region, will be underwritten. 
Therefore it is necessary to consider house condition 
survey methods which are currently in use and to con-
sider what appropriate conclusions can be drawn from 
these results. 
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Conduct of the Study 
The data used in this study are contained in 670 home 
in~pection reports of Home Inspection Service (HIS), a 
pnvate concern which has inspected houses for 
prospective home buyers in the Champaign-Urbana 
area from 1980 to the present. The two principal inspec-
tors are Henry Spies, who is Managing Editor for the 
Small Homes Council, and William Rose, the author of 
this study. The operation of HIS is in no way associated 
with the activities of the SHC-BRC. 
The function of a pre-purchase house inspection is: 
1) to identify damage by location, extent and severity; 
and, 2) to recommend corrective or preventive 
measures. Inspection reports are written following 
house inspections and mailed to clients. These reports 
contain descriptions of damage and corrective or 
~re~entive measures. The scope of the analysis is 
hmited by the scope of data included in the inspection 
reports. The data acquisition methods were outside the 
control of the study. 
The study was designed to find associations between 
evidence of damage and evidence of moisture sources. 
Associations are not made here between evidence of 
damage in various building assemblies. Data on in-
dividual wall assemblies (in terms of components used 
and continuity of air and vapor barriers), building age, 
and "lifestyle" of the occupants, is simply not available 
in the inspection reports. 
There is another potential limitation to the use of in-
spection r~ports to estimate damage within a popula-
tion .. It I~. often c~ar~ed that inspectors bring 
predispositions to findings. A recent review of a 
Swedish moisture survey contained the comment: 
'When reports from investigations of building failures 
were compared, it was found that it was sufficient to 
read who had carried out the survey to know the cause 
which would be given in the report. Take for example 
water penetration in brick joints. Investigator A always 
looked for leakages in the brick joints and investigator 
B always looked for ways the water could penetrate 
joints around windows. As they blindly found what 
they wanted, different causes were indicated in their 
reports." (Tolstoy, 1984). 
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A chi-squared comparison of the reports of Spies and 
Rose was conducted. The reports of the two inspectors 
were separated into two distinct data sets. The number 
of findings by each inspector of total problems among 
descriptive conditions and explanatory conditions was 
counted (Table 1). A chi-squared analysis was per-
formed. The parameters established were "inspector" 
and "condition". The null hypothesis was set as-"in-
spector" parameter is independent of "condition" 
parameter. An alpha value of .05 was established. For 
both inspectors, the chi-squared value is less than F-
alpha, (F-alpha (.05,4)=9.488), so the null hypothesis is 
accepted. The conclusion is that the findings of condi-
!ions is independent of the inspector making the find-
Ings. 
LOCAL CONDITIONS 
House Construction 
The homes that were studied were similar to the com-
munity and were between 100 and 2 years old. All the 
homes used conventional light wood framing techni-
ques typical of the era in which they were built. In the 
reports done at the time of inspection, the specific age 
of the home was not noted and the particular sheathing 
and siding materials were not identified. This is unfor-
tunate and indicates a limitation on the use of inspec-
tion reports for moisture transfer analysis. 
Three foundation types were identified-slab, crawl 
space and basement. Many of the homes studied had a 
mix of foundation types, for example split- and tri-level 
homes, homes with partial basements, and homes with 
additions on a different foundation type. For this study, 
such homes were identified as having two foundations 
and the moisture conditions of each was noted. 
The earliest homes in this report were principally on 
original crawl spaces which were later excavated to full 
basements. Following World War I, full basements be-
came the norm until the World War II era. At that time, 
less expensive foundations-slab and crawl space-
were introduced and found acceptance. Slab construc-
tion continued until the 1960's. Presently most houses 
are built on crawl spaces, with a small number on base-
ments. 
The use of a crawl space ground cover to prevent 
e:raporation of soil ~oisture is still not a universal prac-
tice among builders. Many builders ballast 
po~yethylene ground covers with sand or pea gravel. 
Failure to properly reduce evaporation from crawl 
spaces is shown in this report to contribute heavily to 
moisture damage in houses. 
Soil Conditions 
Prior to settlement, the Champaign-Urbana area was 
undrained or poorly drained prairie. New drainage pat-
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Table1. Inspection Areas 
INSPECTED 
site drainage 
soil surface treatment 
roof 
attic ventilation 
gutters and downspouts 
siding 
windows and doors 
attic framing 
attic insulation 
wall insulation 
floor framing 
foundation 
appliances 
electrical system 
plumbing system 
heating and air conditioning 
NOT INSPECTED 
wall framing 
wall sheathing 
air/vapor barriers 
infiltration levels 
"lifestyle" 
terns have been established, and the area finds itself 
now on the divide between the Ohio and Mississippi 
basins. Nevertheless, the topography is flat. Most 
drainage is artificial. The soil contains montmorillonite 
clay in varying concentrations. The clay contributes to 
deformation and movement of structural elements in 
contact with the soil. A section of the sunr~y not con-
nected with this study analyzes the occurrence of defor-
mation of basement walls. 
Climatic Conditions 
A contemporary of Abraham Lincoln from Central Il-
linois described the area as the hottest, coldest, wettest, 
driest place on earth". The area has 5600 heating degree-
days (65 "F. base). There are periods of high relative 
humidity both summer and winter. 
INSPECTION METHOD 
The HIS pre-purchase home inspection is conducted in 
order to establish, in detail, the structural, mechanical 
and surface condition of the building. In addition, it ser-
ves as a vehicle for familiarizing the buyer with main-
tenance and operation characteristics of the home. It is 
typical practice for a real estate agent to suggest a home 
inspection to prospective buyers. This practice has been 
reinforced by recent court decisions (Easton v. 
Strassburger, 152 Cal. App. 3rd 90 for example), which 
hold that real estate agents are negligent not only if they 
fail to disclose serious faults in a home, but even if they 
fail to discover such faults. Buyers who decline the sug-
gestion are typically buyers with much experience in 
home maintenance and repair. 
Guidelines for the conduct of pre-purchase home in-
spections have been described in documents of the 
American Society of Home Inspectors (AS HI, 1981 ). The 
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Table 2. Fields for Data Analysis 
DESCRIPTIVE CONDITIONS EXPLANATORY CONDITIONS SUPPLEMENTARY CONDITIONS 
Siding condition Moisture source Foundation 
ok grading and downspouts basement 
paint peeling condensate crawl space 
delaminating c.s. ground cover slab 
swelling fiberboard humidifier 
cupped boards clothes dryer Overall condition 
nail splitting unvented combustion ok 
plumbing 
Window condition pool or spa 
ok 
peeling finish Water in foundation 
deterioration ok 
darYl> ness 
Floor framing condition standing water 
ok 
signs of condensation 
mold & mildew 
structural damage 
Attic sheathing condition 
ok 
signs of condensation 
mold & mildew 
delamination 
rotting 
inspections conducted by HIS have in general followed 
those guidelines. The inspection is a visual inspection; 
that is, there is no disassembly and reassembly of any 
components of the building. Tools used during the in-
spection are usually only a flashlight, screwdriver-
probe, inspection mirror, and electrical continuity tester. 
Tools used occasionally, but not typically, include mois-
ture meter, combustion product "sniffer", and blower 
door. Table 2 describes what is, and is not, inspected. 
The inspection usually lasted 1 1/2 hours. Follow-
ing the inspection, a report was written in narrative 
style, and was sent to the prospective buyer. A certain 
uniformity of form and style in these reports arose over 
time, which facilitated their use as data sources. The 
reports contained two kinds of information-descrip-
tion of conditions and recommendations. The descrip-
tion of conditions indicated the location, scope and 
severity of damage. The recommendations were 
proposed measures offered to explain, mitigate or 
prevent the damage. Because the recommendations 
were often prescriptive (aimed at prevention) rather 
than explanatory (aimed at establishing cause and ef-
fect), their correlation with incidence of damage is not 
one-to-one. The recommendations overexplain the ef-
fects. In most reports, damage was attributed to more 
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minor moisture damage 
major moisture damage 
than one cause (poor site drainage and air conditioner 
condensate discharge into a crawl space, for example). 
Many reports recommended correcting downspout dis-
charge, for example, where no damage to the home was 
noted. 
There are three common strategies for mitigating the 
effects of moisture in a house-source reduction, ven-
tilation, and air-vapor barrier control. The inspection 
reports emphasized source reduction. The reasons for 
this are the practicality, dependability and economy of 
source reduction measures as compared to vapor bar-
riers and ventilation. None of the reports recommended 
retrofit air-vapor barriers. 
The reports make various recommendations regard-
ing ventilation of three different locations-crawl 
spaces, attics and living spaces. The standing recom-
mendation for crawl spaces was to keep crawl space 
vents closed for energy efficiency, and to open them 
only to help evaporate water which accidentally occurs 
incrawlspaces. With regard to attic sheathing, when the 
damage condition was "ok" (i.e. no damage), the ventila-
tion rate was presumed to be sufficient; where damage 
had occurred, the recommendation for enhanced ven-
tilation rates was coupled with the recommendation of 
source reduction. With regard to living space, recom-
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Table 3. Findings of Conditions by Two Inspectors 
DESCRIPTIVE CONDITIONS 
no. 1 no.2 
siding condition 9 51 
window condition 34 116 
floor framing condition 14 22 
attic sheathing condition 12 41 
interior wall condition 15 44 
chi-squared 7.362 
mendations were made to use kitchen and bathroom ex-
haust fans to avoid excessive buildup of moisture, and 
their use was explained as a moisture control device. 
However, no information was available to the inspec-
tors regarding their use by the previous occupants so no 
correlations could be made between damage conditions 
(interior wall conditions, especially) and use of exhaust 
ventilation devices. 
The condition of the wall framing members and the 
wall sheathing is not inspected because such an inspec-
tion is necessarily destructive of envelope materials, 
and is not permitted under ASHI guidelines. Neverthe-
less, all walls were inspected from the exterior and in-
terior for deformation under axial and lateral loading. 
Inspection of condition and performance of the 
vapor barrier was out of the question because of the lack 
of dependable inspection procedures. Blower door 
tests and tracer gas tests were not used. The tests were 
considered not only too time consuming and expensive, 
but were also considered to be inconclusive regarding 
vapor barrier performance. 
Analysis 
A preliminary data analysis was conducted. The data 
fields were chosen as a best guess of what data was 
available in the reports and what field selection would 
be the most fruitful. Those fields are shown in Table 2. 
A total of 471 inspection reports were analyzed using 
these fields. Certain facts became clear from the first 
analysis. 
• insufficient allowance was made for houses with 
more than one foundation type (i.e. houses with 
partial basements and tri-levels) 
• reports contained insufficient data to justify in .. 
clusion of certain fields (presence or absence of a 
vapor barrier, for example) 
• The range of moisture sources needed to be ex-
panded to include plumbing problems and air 
conditioning condensate drains. 
In the second analysis, 670 reports were compiled. The 
additional reports were those of inspections conducted 
after the first analysis. 
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EXPLANATORY CONDITIONS 
no. 1 no. 2 
roof leak 16 71 
water in foundation 68 201 
crawl space 105 244 
mechanical source 23 74 
evaporative source 54 194 
chi-squared 8.18 
, Two kinds of condition fields were included in the 
report-descriptive and explanatory. Descriptive con-
ditions show the effect of water (or water vapor) 
damage and are derived directly from the damage con-
ditions mentioned in the inspection reports. Ex-
planatory conditions show possible moisture sources 
and represent the recommendations made in the inspec-
tion reports. The selection of fields was refined to create 
an input form shown in Table 3. 
This study was not structured with random sam-
pling of the population of houses in Champaign Coun-
ty. Therefore, this study does not extrapolate the data to 
the population of homes in the geographic area in-
spected. The sample is quite large, and so one may be 
willing to draw conclusions regarding the population 
from the data presented. This author does believe that 
the homes inspected do fairly represent the population. 
Factors which would influence the reader's willingness 
to extrapolate the findings here would include: 
• whether the buyer's choice to have an inspection 
or not biases the sampling (Realtors contacted in-
dicate that the range of homes inspected does not 
differ noticeably from the range of homes sold, or 
from the range of homes in Champaign County). 
• the extent of seller's preparation of the house for 
sale (painting of exterior or interior walls can 
reduce the visible incidence of paint peeling and 
mildew). 
• willingness of sellers to sell"problem houses." 
Besides the damage locations indicated in Table 3, there 
are other possible sites of moisture damage in a house 
which are not inspectable during a "visible surfaces" in-
spection. These would include wall sheathing and wall 
framing. One conclusion reached in this study is that in 
the 670 homes, there were no cases of wall failure due 
to moisture damage. (Failure is defined as the inability 
to resist gravity and racking loads.) This does not mean 
that condensation did not occur within wall stud 
cavities, nor does it mean that walls were free from mil-
dew or from weakened framing members or weakened 
sheathing. It does indicate that any damage which has 
occurred in wall stud cavities has not diminished the 
strength of the walls inspected to the point of crushing 
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or racking failure. (There were 4 houses among those 
inspected which showed wall failure, but all four 
failures were due to termites.) 
Other possible sites for moisture damage include tub 
and shower surrounds, and heating and air condition-
ing equipment. Data on moisture damage to these sites 
is not part of this study. 
REPRESENTATION OF FINDINGS 
Descriptive Conditions 
The findings of this study are displayed in raw form. 
There are six sections of findings: 
• general condition 
• siding condition 
• window condition 
• floor framing condition 
• attic sheathing condition 
• interior wall condition 
For each section, two charts are presented. The first 
chart in each section displays the actual number of 
homes (of 670) which exhibit the individual damage 
conditions, including the condition "ok". The second 
chart describes the associations of these damage condi-
tions with explanatory conditions. The results are ex-
pressed as percentages-that is the ratio of actual 
incidences where an explanatory association is present 
to the number of actual incidences of the damage con-
dition, expressed as a percent. 
Explanatory Conditions 
The following explanatory conditions are used in this 
report: 
• roof leaks-where there is evidence of water 
penetration through the roof membrane or details, 
and roof repair is recommended in the report. 
• water in foundation-where either dampness or 
standing water in the basement or crawl space is 
noted in the report. 
• crawl space-where at least part of the house is on 
a crawl space. The data available distinguishes be-
tween crawl spaces with and without ground 
covers. However, crawl spaces with ground covers 
tend to show the occurrence of occasional water 
spotting to the extent that they too have been listed 
as a possible moisture source. 
• mechanical source-where a clothes dryer vent, 
humidifier, or combustion appliance exhaust is 
noted as contributing to interior humidity. 
• evaporative source-where any of the following 
conditions are noted: discharge of rainwater 
toward the house from downspouts or grading; air 
conditioner condensate discharging into the 
house; exposed soil in crawl space; plumbing leaks 
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which create standing water; spa or swimming 
pool. 
It can be readily seen that the explanatory conditions 
overlap-that is, wet or damp foundation, wet crawl 
space and evaporative source may all refer to a crawl 
space without a ground cover. They are to be distin-
guished as described above. 
Conclusions drawn from these charts is described in 
text in each section. 
Conclusions 
Home inspection reports may be used to estimate the 
incidence of damage conditions in a locality. The 
benefits which can be obtained from such a survey in-
clude: 
• reliable estimates of actual occurrences 
• associations with conditions which are damage in-
ducing 
• criticism of building practice where it is associated 
clearly with the incidence of damage conditions 
(e.g., failure to provide a ground cover in a crawl 
space) 
Limitations to the use of inspection reports includes: 
• information is available only on visible surfaces of 
the homes inspected 
• identification of causes for individual instances of 
moisture damage is not possible 
• the selection of inspected homes is not random, so 
the willingness to extrapolate data to the house 
population of a region is an individual choice. 
Of the homes inspected, 5.4% suffer major moisture 
damage. Another 35% suffer some sort of moisture 
damage to the visible surfaces, although this damage is 
often quite minor. Much of the damage noted in these 
reports occurred in crawl space homes. The damage 
should be attributed not to crawl space construction, per 
se, but to the failure to prevent evaporation within a 
crawl space. 
Explanatory conditions have been selected which 
present clearly the movement of water vapor (not liq-
uid water) in building assemblies. There is a clear as-
sociation between the presence of evaporative sources 
of moisture and damage. The evaporative sources noted 
are concerns of construction practice, not of "lifestyle". 
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Conclusions: 
• 41% of the houses showed water-induced damage. 
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of peeling window finishes) to severe, requiring re-
placement of structural members. Many homes 
had more than one damage condition. 
• 5.4% of the homes inspected had severe moisture 
damage. 
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• Three areas most at risk from evaporative-source 
damage were attic sheathing, floor framing, and 
siding. Of these three, damage to floor framing was 
most clearly associated with evaporative sources 
of moisture. 
• Crawl-space homes have a greater incidence of 
damage than homes with basements or slabs. 
36 
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Chart 1.1. Number of homes showing general damage condition 
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Chart 1.2. Association of general damage condition with explanatory conditions 
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2. Siding Condition 
Conclusions: 
• 9.1% of the homes inspected had siding problems. 
• The correlation of paint peeling with wet founda-
tion conditions and other interior-generated mois-
ture is typical. 
• Only 21 homes had reports of paint peeling. Many 
of the homes inspected were prepared for sale and 
inspection by recent painting of the exterior. 
• Swelling fiberboard was a phenomenon due 
primarily to the effect of wind-driven rain on the 
exposed down-facing edges of fiberboard siding. 
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• An association was found between siding 
problems and crawl space construction. In the in-
spection reports, siding problems were defined as 
those which occur on large sections of the siding 
surface, not local sites (such as near downspout 
discharges). Crawl-space houses in Champaign 
county are typically sided very close to the ground 
(within 4 inches) and local damage to the lower 
boards is more common than this study indicates. 
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Chart 2.1. Number of homes showing siding damage condition 
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Chart 2.2. Association of siding damage condition with explanatory conditions 
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3. Window Condition 
Conclusions: 
• "Signs of condensation" among descriptive condi-
tions refers to peeling paint and varnish finishes on 
the interior of windows. 
• The sum of the cases does not, in this instance, 
equal 670, the number of homes inspected. In the 
analysis, a category. was established for 
aluminum-framed windows. Such windows are 
quite common in Champaign county and the con-
700 
600 520 
500 
400 
300 
200 
100 
0 
ok 
densation which usually occurred on the frames 
tended to moisten and soften the gypsum drywall 
surrounds. Because the condition was peculiar to 
one detail, they were excluded from this analysis. 
• A number of windows (5.2%) showed deteriora-
tion. There is a slight association between 
deteriorating frames and evaporative sources. 
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Chart 3.1. Number of homes showing window damage condition 
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4. Floor Framing Condition 
Conclusions: 
• 5.4% of the homes inspected showed damage to 
the floor framing. 
• The most destructive damage conditions noted 
during the inspections were to floor framing ele-
ments. The inspectors noted extreme cases where 
the floor framing members collapsed into the 
crawl space after the joist ends had been weakened 
by fungal growth. 
• Damage to floor framing is strongly associated 
with an evaporative source of moisture in crawl 
spaces. 
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• Damage to floor framing occurs first in the band 
joist and end joist (protected from outside 
temperatures only by wall sheathing). Damage to 
these members is included in the damage condi-
tions, although structurally less critical than the 
floor joists-band joists and end joists carry facade 
loads along their entire length. The damage condi-
tion "structural damage" indicates damage to 
joists · such that their load-bearing strength was 
noticeably reduced. 
1 5 1 1 
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Chart 4.1. Number of homes showing floor framing damage condition 
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5. Attic Sheathing Condition 
Conclusions: 
• 8% of the homes inspected suffered damage to the 
attic sheathing. 
amount of rotting and delamination of attic 
sheathing is associated with roof leaks. 
• Condensation and mold on attic sheathing is 
strongly associated with the presence of an 
evaporative source of moisture and wet founda-
tions. 
• The asterisk on conditions "delamination" and 
"rotting'' indicate that this is a major defect requir-
ing replacement of the sheathing, a structural 
member. 
• Moisture damage can progress from condensation 
to mold formation to delamination. A great 
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Chart 5.1. Number of homes showing attic sheathing damage condition 
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6. Interior Wall Condition 
Conclusions: 
• 8.5% of the homes inspected showed water 
damage to interior walls and ceilings. 
• Water spotting on walls (and ceilings) is more 
often associated with roof leaks than with vapor 
transfer. 
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• The formation of mold and mildew on walls is 
strongly associated with humidity from mechani-
cal sources (dryer vents, humidifiers and un-
vented combustion appliances). 
1 3 
ok water spotting mold & mildew 
Chart 6.1. Number of homes showing Interior wall damage condition 
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An Environmental Assessment of the Air Quality Within 
Tightly Constructed Manufactured Homes 
Thomas L. Sieger, Michael C. Fiore 
Henry A. Anderson, Lawrence P. Hanrahan 
Margaret E. Ziamik, Joanne Guzik 
Wisconsin Division of Health 
During the summer of 1986, the Wisconsin Division of 
Health received numerous health related complaints 
from residents of homes built by Company X (the name 
of the manufacturer has been changed by the authors). 
Residents complained of signs and symptoms of aller-
gic-like conditions, frequent respiratory infections, and 
skin rashes. Company X manufactured approximately 
2,500 small energy-efficient single-family homes in Wis-
consin from 1970 to 1985. The homes were structurally 
well built; wall and roof components were tightly con-
structed so as to result in relatively low infiltration or 
air leakage. Owners of these structures began organiz-
ing meetings to discuss what they felt was a common 
problem of excessive moisture, structural decay, and 
health problems among residents of these homes. Be-
cause the manufacturer had entered bankruptcy 
proceedings, the homeowner groups looked to the state 
government of Wisconsin to determine whether faulty 
building construction was resulting in damage to their 
properties and deleterious health problems. 
The State responded by appointing a Governor's 
Task Force to investigate the situation. Among other ac-
tivities, the Task Force offered structural inspections of 
the manufactured homes upon request of the 
homeowner. State building inspectors examined 533 of 
Table 1. Factors Related to Excessive Moisture 
and Building Damage In Homes Manufactured 
by Company X as Determined by Governor's 
Task Force 
1. Tightly built -homes causing low air exchange 
2. Poor vapor barrier at interior surface of exterior wall 
3. High indoor relative humidity 
4. Poor interior air circulation due to baseboard heat 
5. Low outdoor temperatures in winter, and a long 
heating season 
6. Small homes with a relatively large number of 
occupants 
7. Many openings on the inside of exterior walls 
8. Windows typically located in shower compartments 
9. Vapor retarders on both sides of the sheathing 
Note: No one of these items by itself caused the problem 
Source: Merrill, Marx, Ten Wolde, and Wrzeski, 1986. 
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the homes upon owner request and found approximate-
ly 50% of homes showed general symptoms of high in-
terior humidity. Symptoms included extensive window 
condensation, stains or mold on window frames, and 
mold on other interior surfaces. Thirty-nine percent of 
the homes inspected demonstrated damage to building 
components, most typically decay of plywood sheath-
ing caused by moisture condensation within the wall. 
Of the 39% with damage, 20% of the homes were clas-
sified as showing minor damage (involving less than 
100 square feet of damaged walls), 14% with moderate 
damage, and 5% with severe damage (involving in ex-
cess of 250 square feet of damaged walls). (Marx, 1987) 
The reasons for the moisture and subsequent damage to 
building components within these homes, as deter-
mined by members of the Task Force after a thorough 
examination of several structures, are listed in Table 1. 
The Wisconsin Division of Health has had to respond 
to increasing inquiries and concerns regarding residen-
tial indoor air pollution. The Division has experienced 
difficulties resolving situations in which there is no ap-
parent source of contaminants which can be related to 
legitimate health concerns. The Company X situation 
was viewed by the Division as an opportunity to inves-
tigate the effects of tight home building construction on 
the air quality and health of residents within these struc-
tures. Of particular interest was the effects of elevated 
relative humidity within structures. High relative 
humidity within a residence can accelerate the off-gass-
ing of noxious chemicals from building materials and 
furnishings and can promote the growth of allergens 
such as fungi and dust mites (Arundel, Sterling, Biggin 
& Sterling, 1986). Therefore an epidemiological study 
was initiated to evaluate the health status of residents 
and indoor air quality within the manufactured homes. 
The epidemiological study included two major com-
ponents: a clinical evaluation of the health status of resi-
dents from a sample of Company X homes and a 
comparison group of residents from non-manufactured 
homes; and an environmental assessment of the air 
quality within the individual resident's homes. The 
results of the health clinic indicated that residents of the 
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Company X homes demonstrated a greater prevalence 
of irritant-like symptoms than the comparison group. 
Although the results of the clinical evaluation will be 
summarized, this paper will focus on the methods and 
results of the air quality measurements performed 
within the manufactured and non-manufactured 
homes. 
Methods 
A sample of 110 Company X manufactured homes were 
randomly chosen from a list of homeowners made 
available by the manufacturer's bankruptcy proceed-
ings. A randomly selected, township-matched group of 
85 "stick built" homes were chosen from telephone 
directories within the same geographic area to serve as 
comparison homes. 
The health status of 268 residents of the manufac-
tured and 181 residents of the comparison homes were 
evaluated in October, 1986. The clinical evaluation in-
cluded a household, health, and occupational question-
naire, physical exam, lung spirometry measures, 
allergen skin tests, and blood tests (Sieger, et al., 1987). 
From November of 1986 through March of 1987, a 
public health nurse and environmental specialist 
visited the manufactured and control homes to perform 
monitoring of numerous indoor air quality parameters. 
A description of the sampling and analytical 
methodologies employed for the air quality assessment 
follows. 
Relative Humidity. Relative humidity was measured 
with a thermohygrometer or sling psychrometer. 
Formaldehyde. A passive formaldehyde monitor was 
used to determine formaldehyde concentrations within 
the homes. Two monitors were placed in each home, 
one in the living room and another in the master 
bedroom. The results of the two measurements were 
averaged to produce a single indoor value. The device 
collects a sample after being uncapped and hung in 
place for five to seven days. The principle of collection 
and the method of analysis are described in a paper by 
Geisling, Tashima, Girman and Midsch (1982). 
Nitrogen Dioxide. Nitrogen dioxide was monitored 
inside and outside of each home using passive monitors 
described by Palmes, Gunnison, Dimatla and Tomczyk 
(1976). This device provides an average concentration 
over a one-week period. 
Carbon~ Dioxide. Carbon dioxide ( C02) concentra-
tions were averaged over a 15-minute period in the 
living room of each home using an infrared C02 
monitor. The instrument employs a non-dispersive 
infra-red absorption (NDIR) measuring principle. 
Airborne Particulates. Concentrations of total 
suspended particulate matter were determined in the 
living room of each home using a real-time particle 
monitor equipped with a strip-chart recorder. Samples 
were collected over a 45-minute period. 
Viable Airborne Fungal Spores. Airborne fungi 
samples were collected indoors and outdoors at each 
housing location in a manner similar to that described 
by Morey et al. (1986). Samples were collected at 28.3 
liters per minute (lpm) for approximately 10 minutes. 
Malt extract agar was used for the collection media. 
Table 2. Household Questionnaire Results for 110 Manufactured Homes and 
85 Non-Prefabricated Comparison Homes 
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Factor 
Number of adults (average/home) 
Number of children (average/home) 
Number of dogs (average/home) 
Number of cats (average/home) 
Average square footage of home 
Average thermostat temperature 
Percentage of homes with: 
dehumidifier 
*humidifier 
bathroom ventilation 
Heating system in home 
*percent hot water 
*percent forced air 
other 
Percentage of homes with: 
*current mold problem 
*problem with water. condensation on windows 
* Differences statistically significant --p<.01, Chi-square test 
Company X 
Homes 
2.0 
- 1.3 
0.5 
0.2 
1,210 
69.2 
62°/o 
39°/o 
57°/o 
60°/o 
18o/o 
22o/o 
45o/o 
85°/o 
Comparison 
Homes 
2.0 
1.2 
0.4 
0.4 
1,195 
69.5 
53o/o 
62°/o 
59°/o 
29°/o 
54o/o 
27°/o . 
9o/o 
60o/o 
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After sampling, plates were immediately returned to 
the laboratory where they were incubated for 3-5 days 
at 25 °C. prior to colony speciation and enumeration. 
House Dust Mites. House dust mite aeroallergens 
were sampled in a subset of manufactured and control 
homes in a manner similar to that described by Swan-
son, Agawal and Reed (1985). This method employs an 
volumetric air sampler collecting at three liters/ second 
for 48 hours. Air filter extraction involves elution by 
descending chromatography with quantification of the 
allergen done immunochemically in plate-RAST inhibi-
tion assays. 
Fan Pressurization Measurements. The blower door 
apparatus was used via the ASTM E 779-87 Standard Test 
Method for Detennining Air Leakage Rate by Fan Pressuriza-
tion (American Society for Testing and Materials, 1987) 
in the Company X and comparison homes. 
Radon. A radon monitor was placed in the living room 
of each home. The device employed passive time in-
tegration of alpha particle tracks. 
Results 
The household questionnaire results, gathered at the 
health clinic, are indicated in Table 2. Company X 
homes did not differ significantly from the comparison 
homes in the number of residents per home, the 
presence of household pets, the presence of a humidifier 
or bathroom ventilation, the size of the home or average 
thermostat setting within the home. Company X homes, 
in comparison to the non-manufactured homes, had 
more hot water heating systems, less forced air heating 
systems, more problems with interior mold, and greater 
problems with water condensation on windows. There 
was no statistically significant difference in the number 
of smokers within the populations studied (23% of the 
Company X residents and 20% of the comparison home 
residents). 
The results of the air quality monitoring are indicated 
in Table 3. Mean indoor relative humidity was some-
what higher in the manufactured homes as compared 
to the control homes; this difference was statistically sig-
nificant (p< .01, student t-test). The mean C02 con-
centration was significantly elevated in the 
manufactured homes at 1121 parts per million (ppm). 
This difference was also statistically significant (p<.001, 
student t-test). The mean concentration of total 
suspended particulate was significantly elevated in the 
Company X homes. The mean airborne fungal spore 
concentration and the nitrogen dioxide concentrations 
were somewhat higher in the Company X homes but the 
differences were not statistically significant. 
Although the results of the formaldehyde sampling 
indicate a small but significant mean elevation of con-
centrations in Company X homes, the results must be 
viewed with caution. The laboratory performing the 
analysis did not employ a recent revision to the 
dosimeter extraction procedure, and the manufacturer 
indicates that this may result in an underestimation of 
actual values (Eileen Lloyd, personal communication). 
Further analysis is ongoing to clarify this situation. 
Table 3. Environmental Testing Results from Manufactured Homes 
and Comparison Homes (1986-87 Heating Season) 
Parameter 
(units) 
Airborne fungal spores 
(colony-forming units/cubic meter) 
Relative humidity 
(percent) 
Carbon dioxide 
(ppm) 
Nitrogen dioxide 
(micrograms/cubic meter) 
Suspended particulates 
(micrograms/cubic meter) 
Formaldehyde 
(ppm) 
Air leakage ratec 
(ACH at 50 Pascals) 
a values expressed as means 
b student t-test 
Manufactured a 
Homes 
(n=1 08) 
314 
42 
1121 
22.7 
156 
0.017 
4.68 
Comparison a 
Homes b (n=87) p value 
238 N.S. 
39 <.01 
847 <.001 
17.7 N.S. 
85 <.01 
0.011 <.001 
9.32 <.001 
c Blower door testing was done in spring/summer 1987. There was some attrition in participating homes: 
n = 73 for manufactured homes and n = 49 for comparison homes. 
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Data analysis is not complete on the results of the 
mite aeroallergen sampling. The radon dosimeters will 
be remaining in the home for a portion of the 87 I 88 
heating season, and then will be analyzed. 
Discussion 
The results of the health evaluation of the Company X 
and comparison home residents had indicated that resi-
dents of the Company X manufactured homes 
demonstrated an increased prevalence of irritant-like 
symptoms. (Sieger, et al., 1987) The health questionnaire 
indicated that Company X residents reported increased 
frequency of chronic cough, chest phlegm production, 
shortness of breath, night time wheezing, stuffy nose, 
and burning eyes. Upon physical exam, the residents of 
Company X home residents were found to have in-
creased frequency of throat and nasal inflammation and 
chest constriction. The results of allergen skin tests ad-
ministered to both groups of home residents did not 
demonstrate any increased prevalence of allergic sen-
sitivity among the Company X home residents. These 
tests included several antigens which may be associated 
with excessive humidity in a home, including four com-
mon genera of fungi and an antigen for the dust mite. 
Household questionnaire data indicates that the two 
groups of homes are a good match with respect to 
several factors important to a survey of residential in-
door air quality. For example, the number of smokers 
within the two resident populations is very similar. This 
is important in that smoking materials are a significant 
source of many of the contaminations measured within 
the homes. Also, the mean number of residents per 
household and the average size of the homes are not sig-
nificantly different. 
The concern initiating the Company X home health 
and indoor air quality survey was increased humidity 
within the homes accompanied by what appeared to be 
a common pattern of fungal growth. The results of the 
relative humidity measurements, however, indicated 
only a relatively small difference in mean levels be-
tween the two groups of homes. Although no clear 
guidance exists as to what level of relative humidity 
would be excessive within a home during a Wisconsin 
heating season, levels exceeding 50% are commonly 
considered excessive. By that measure, 19% of the Com-
pany X homes and 5% of the comparison homes ex-
ceeded this level on the day of measurement. 
Since the concentration of viable fungal spores 
within a home can be related to humidity, it is not 
surprising that there was not a greater difference in 
mean airborne fungal spores between the two groups 
of homes. An indoor fungal spore count of 1000 colony 
forming units per cubic meter (CFU I m3) of air suggests 
a situation in which a moisture source may need 
remediation (Morey, et al., 1984). The mean concentra-
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tions in both groups of homes were well below this 
level; however, 8% of the Company X homes and 5% of 
the comparison homes exceeded 1000 CFUim3• Be-
cause residents of Company X homes did not 
demonstrate an increased allergic sensitivity to any of 
the allergens tested, and given the relatively small dif-
ferences in relative humidity and fungal spore con-
centrations, it is unlikely that interior moisture played 
a significant role in the types of health concerns that 
were found in the health evaluation. 
Investigations into air quality concerns in office 
buildings suggest that C02 concentrations in excess of 
1000 parts per million (ppm) are indicative of ventila-
tion systems that are not delivering sufficient fresh air 
to the occupants (Godish, 1986; Rajhans, 1983). Informa-
tion from the Ontario Ministry of Health indicates that 
C02 concentrations in excess of 1000 ppm will result in 
a significant amount of the health complaints which 
have come to be associated with the "sick building 
syndrome" (Rajhans, 1983). The mean C02 concentra-
tions found in the manufactured homes was in excess 
of this level. 
The formaldehyde data for both groups of homes, 
even taking into the account the caveat that they may 
slightly understate concentrations, are well below 
levels which have demonstrated an irritant effect in-
doors (Hanrahan, Dolly, Anderson, Kanarek & Ranlon, 
1984). The same can be said for the mean nitrogen 
dioxide concentrations found in both groups of homes; 
that is that concentrations were on the average suffi-
ciently low as to not result in an irritant effect. However, 
the fact that the average of all parameters measured 
were elevated in the Company X homes suggests that 
these structures are more tightly constructed than the 
comparison homes. This is supported by the data 
generated by the fan pressurization studies. 
In summary, medical evaluations indicated that the 
residents of Company X homes demonstrated an in-
creased prevalence of irritant-like symptoms to the 
upper and lower respiratory tracts. The symptoms do 
not appear as much to be related to interior moisture or 
humidity problems as they do to a lack of ventilation 
and consequent elevation of general contaminant levels 
within the structures. Although carbon dioxide 
measurements may be a good indicator of the point at 
which a structure becomes too tight, no individual con-
taminant that was measured can be suggested as 
responsible for the irritant effect. The results of this 
study suggest the need for some caution as the trend in 
the building industry continues toward more energy-
efficient structures. Ultimately, it may be necessary to 
take a critical look at residential building codes in the 
cold climates to insure that they are sufficiently 
prescriptive to insure that desirable amounts of fresh air 
are delivered to residents. 
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Attic Ventilation Strategies 
Gerald E. Sherwood 
National Wood Products Extension Program 
University of Wisconsin-Extension 
Ventilation of attics is necessary for the control of mois-
ture and the prevention of heat build-up. While the 
need for ventilation has been long recognized, research 
on the subject is limited. The many variables involved 
in ventilation have also restricted the precision of 
measurements. The major research used as a basis for 
current recommended practice was conducted at the 
University of Minnesota in 1939. This study was con-
ducted by using scale models of attics with a variety of 
types of ventilation. From this study, ratios were 
developed for area of vents compared to area of ceiling. 
Practical experience shows that application of these 
guidelines generally prevent moisture problems. 
However, many attics with less ventilation than re-
quired do not have problems, while other attics that 
satisfy ventilation requirements do have moisture 
problems. The amount of vent opening obviously is not 
the only factor affecting moisture patterns in the attic. 
The provision of adequate ventilation has solved 
some attic moisture problems, which has led to miscon-
ceptions. Increased attic ventilation does not always 
solve moisture problems, especially problems in other 
parts of the building. Other strategies may be necessary. 
Also, ventilation is not always the best solution to 
reducing heat gain to the living space. 
Figure 1. Condensation zones In the United States based on 
winter design temperatures. Note that cross hatched areas are 
outside the 3 zones. Areas of the South Atlantic and Gulf Coast 
have special considerations for air-conditioning. (Source: ASH· 
RAE Handbook of Fundamentals, 1985) 
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CURRENT RECOMMENDED PRACTICE 
The most widely recognized authority in the field of 
moisture control and ventilation is the American 
Society of Heating, Refrigerating and Air-Conditioning 
Engineers (ASHRAE). They state recommended "good 
practice" for ventilating attics in ASHRAE Handbook of 
Fundamentals (1985). Other housing related organiza-
tions, such as the National Association of Home 
Builders and the University of Illinois Small Homes 
Council, also use the ASHRAE recommendations in 
their publications. Current practice presented in this 
paper is based on ASHRAE recommendations. 
Ventilation 
The recommendations refer to three specific geographic 
zones that are determined by heating design tempera-
tures (Figure 1). These are called condensation zones, 
because the condensation potential increases with 
decreasing temperature. Zone I is the coldest area; 
therefore, ventilation requirements are most restrictive. 
Areas outside the three zones include Alaska, Hawaii, 
and a strip along the Gulf Coast. The temperatures in 
Alaska are so low that special moisture control 
measures are needed. In Hawaii and along the Gulf 
Coast, there are no requirements for ventilation to 
prevent cold weather condensation. However, ventila-
tion is needed to prevent excessive build-up of heat in 
the attic. 
The required ventilation varies with the type of roof 
(Table 1). The general requirement is one square foot of 
vent area for each 300 square feet of ceiling area. The use 
of louvers and 8-mesh screen generally requires a gross 
area 2.25 times that listed to achieve effective vent area. 
Ventilation should be distributed so there is air 
movement through all parts of the attic. For best results, 
divide the vent area between the eaves soffit and the 
ridge area, so natural convection occurs with warm air 
rising out the higher vents and drawing outdoor air in 
at the eaves (Figure 2). This cannot be done ina flat roof, 
so wind is required to move outdoor air through the 
roof space. If no outlet is provided at the ridge in a 
cathedral ceiling, warm air may rise from both sides and 
deadlock, preventing any air movement for ventilation, 
and resulting in moisture-laden air concentrated at the 
ridge (Figure 3). 
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Table 1. Recommended Good Practice for Loft and 
Attic Ventilation 
(Source: ASHRAE Handbook of Fundamentals, 1985) 
Flat Roof--Slope 3:12 or less 
All Zones: Total net area of ventilation should be 
1l300th of the ceiling area, distributed uniformly at the 
eaves plus a vapor retarder in the top story ceiling. Free 
circulation must be provided through all spaces. 
Gable Roof-Slope 3:12 or More 
Zones I and II: At least 2 louvers on opposite sides of 
the roof, located near the ridge, with a net free area of 
1l300th of the ceiling area, plus a vapor retarder in the 
top story ceiling. 
Zone III: Same ventilation as for Zones I and II. A vapor 
retarder is not considered necessary. 
Hip Roof 
Zones I and II: Total net area of ventilation should be 
1l300th of the ceiling area, with 11600th distributed 
uniformly at the eaves and 1 I 600th located at the ridge, 
with all spaces interconnected. A vapor retarder should 
also be used in the top story ceiling. 
Zone III: Same ventilation as for Zones I and II. A vapor 
retarder is not considered necessary. 
Gable or Hip Roof--With Occupancy Contemplated 
Zones I and II: Total net area of ventilation should be 
1 l300th of the ceiling area, with 1 I 600th distributed 
uniformly at the eaves and 1 I 600th located at the ridge, 
with all spaces interconnected. A vapor retarder should 
also be used on the warm side of the top full story ceil-
ing, the dwarf walls, the sloping part of the roof, and the 
attic story ceiling. 
Zone III: Same as for Zone I except that a vapor retar-
der is not considered necessary if insulation is omitted. 
RIDGE VENT 
Figure 2. Optimum attic ventilation provides outlets at the peak 
and Inlets at the eaves. A continuous ridge vent and continuous 
eave.vents provide good distribution. 
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AIR DEADLOCK 
Figure 3. Air rising from each side of a cathedral ceiling with 
eave vents will deadlock at the peak unless an outlet Is provided. 
The outlet Is best accomplished with a ridge vent. 
Caution is needed at the eaves to avoid blocking 
vents with insulation. When air movement is restricted 
at eave vents, dead air pockets develop resulting in con-
centrations of moisture as well as heat build-up that 
may contribute to ice dams, condensation, mildew or 
paint failures. Special air chutes made of paperboard or 
molded foam are available to prevent insulation from 
blocking air movement at the eaves. These are attached 
to the underside of the roof sheathing (Figure 4). 
Current recommended practice does not include the 
use of mechanical exhaust fans in attics since no major 
studies are documented with this type of forced ventila-
tion. However, some builders are using exhaust fans 
with timers or thermostats that tum the fans on for 
specific time periods or conditions. Humidistat control 
has been tried, but humidistats are not reliable at 
temperatures below freezing. 
Vapor Retarders 
Vapor retarders are required in the ceiling in Zones I 
and II, but are considered optional in Zone III for gable 
AIR CHUTE 
Figure 4. With a conventional rafter or truss system, an air chute 
of fiberboard or molded foam may be required to assure that 
this space Is kept open for air circulation. 
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or hip roofs. A ceiling vapor retarder is required for flat 
roofs in all zones. Ventilation occurs only with wind so 
it is more critical to keep moisture out of flat roofs. 
Vapor retarders must be continuous. Seal around all 
punctures, such as ceiling lights and vent pipes, to 
prevent air leakage. Air leaking into the attic through 
discontinuities carries large amounts of moisture. Much 
more moisture enters the attic by air leaks than diffusion 
through vapor retarders. Some guidelines eliminate the 
ceiling vapor retarder in certain cases, but require dou-
bling the ventilation rate. Such guidelines assume that 
increased ventilation will carry the additional moisture 
out of the attic. 
FACTORS THAT AFFECT PERFORMANCE 
The performance of attics as related to moisture is af-
fected by the humidity of attic air, temperature of sur-
faces, and amount of moisture storage in construction 
materials. 
Humidity 
The primary source of moisture in attics in Zones I and 
II is from moist air in the living space leaking through 
openings in the ceilings. The most common openings 
are around items that puncture the ceiling, such as light 
fixtures, vent pipes, chimneys. Additional leakage oc-
curs at partitions where the ceiling gypsum board, and 
often the vapor retarder, are interrupted. The effect of 
this air leakage on attic moisture depends on both the 
rate of air leakage and the relative humidity of the air 
in the living space. A continuous vapor retarder, well 
sealed around ceiling punctures, prevents most of this 
moisture from entering the attic. Some water vapor pas-
ses through the ceiling by diffusion, but the amount is 
usually minor. Moisture is also introduced by the 
entrance of outdoor air when the relative humidity is 
high, especially in Zone III. If warm, humid air enters 
the attic during the day, then quickly cools at night, the 
result is very high relative humidity in the attic. 
Temperature of Surfaces 
When surface temperatures in the attic drop below the 
dew point temperature of attic air, condensation occurs 
on those surfaces. The coldest surface is usually the roof 
sheathing. The roof sheathing temperatures are mainly 
affected by the amount of ceiling insulation and the attic 
ventilation rate. The roof also cools by radiation at 
night. Snow cover inhibits this radiation and keeps the 
roof warmer so there is less potential for condensation. 
Even though condensation occurs on the sheathing at 
night, moisture may evaporate as the roof temperature 
rises during the day, especially if the sun shines on the 
roof. This cycle of moisture condensing on the sheath-
ing at night and evaporating during the day frequently 
occurs in attics during the coldest part of the winter and 
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generally does not damage the sheathing. Decay fungi 
will not grow unless temperatures are above 40'F. Also, 
the conditions of high moisture and warm temperature 
must be maintained over a long time period for major 
decay damage. 
Moisture Storage 
Wood absorbs and stores moisture during periods of 
high humidity and releases it when the air becomes 
dryer. Since most attics have wood framing and wood 
panel products as sheathing, this capability for storing 
moisture can limit humidity fluctuation in the attic. 
Also, if moisture condenses on the sheathing it may be 
very quickly absorbed and stored until higher tempera-
tures evaporate the moisture. When surface tempera-
tures are below freezing, condensation forms as ice so 
it is not absorbed by the sheathing. Ice may accumulate 
until sunshine on the roof causes melting so it drips into 
the ceiling. 
COMMON MISCONCEPTIONS 
Ventilation of attics is often used to solve a variety of 
problems ranging from high indoor humidity to ice 
dams. Increasing the ventilation rate is not necessarily 
the most effective solution and may actually increase 
the condensation potential. The effectiveness of ventila-
tion depends not only on the amount of air movement, 
but also on the capacity of that air to carry moisture. 
Under humid outdoor conditions, ventilation may ac-
tually introduce more moisture into the attic. Also, 
when temperatures are quite low the air has little 
capacity to carry moisture. 
Under some conditions, moisture introduced from 
the living space may be more than can effectively be 
vented out of the attic. To reduce humidity in the mois-
ture producing areas of living space, ventilate that space 
directly to the outdoors or reduce the moisture input. 
Transferring moisture from the living space to the attic 
only shifts the problem to a new location. 
Some builders try to avoid high indoor humidity 
problems by leaving the vapor retarder out of ceilings 
so excess moisture can escape to the attic. As previously 
stated, this may overload the attic with moisture. 
Another reason for having a vapor retarder is that it also 
serves as an air barrier. Without this air barrier, heat is 
being lost from the living space. 
Ice dams are often caused by inadequate insulation 
or leakage of warm air. Insulation is sometimes inade-
quate near the eaves because of inaccessibility to place 
insulation. Also, wind at eave vents may blow away 
loose fill insulation leaving bare, uninsulated spots. Air 
leaks from heating ducts, vent pipes, or living space 
sometimes create localized hot spots that contribute to 
ice dams. Ventilation will not solve the problem in these 
cases. However, ventilation does reduce the potential 
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for ice dams by reducing attic temperatures. It is par-
ticularly helpful to have good ventilation at the eaves to 
prevent heat build-up in these areas where air from 
gable or ridge vents alone does not circulate. 
VENTILATION IN HOT WEATHER 
Warm climates, such as along the Gulf Coast, have lit-
tle potential for cold-weather condensation. Heat gain 
to the living space from hot attic air is most effectively 
prevented in all Zones, by good ceiling insulation and 
by stopping air leaks. However, attic ventilation is still 
required to prevent excessive heat build-up as high 
temperatures in the attic can cause deterioration of 
materials. Temperatures above 160r. are considered 
critical. High temperature accelerates aging of some 
types of roof shingles. These high temperatures also 
cause a relatively slow deterioration of wood. High 
moisture levels contribute to faster deterioration. High 
temperatures are more of a problem in flat roofs and 
cathedral ceilings where ventilation is often less effec-
tive. Also, dark colored roofs have higher temperatures 
than light colored roofs and radiant barriers in the attic 
reflect heat back to the roof, causing higher roof 
temperatures. 
SUMMARY 
Ventilation of attics is effective in preventing condensa-
tion during cold weather and limiting heat build-up 
during hot weather. The ventilation rates recom-
mended in theASHRAEHandbookofFundamentals(1985) 
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are generally used in codes and standards and result in 
good performance in all but a few isolated cases. Fac-
tors that affect the performance of attics are humidity of 
the air, temperature of surfaces, and available moisture 
storage in materials. These factors are influenced by the 
amount of air leakage to the attic from the living space 
and by the amount of moisture in that air. 
Common misconceptions about attic performance in 
cold climates include: 
• increa !d ventilation is always desirable 
• attic ventilation will solve moisture problems in 
other parts of the house 
• elimination of the ceiling vapor retarder is 
desirable for overall performance of the house 
• ventilation is the best solution to ice dam 
problems. 
In hot climates, the cooling effect of attic ventilation is 
critical to prevent deterioration of wood, especially 
when the wood is treated with a fire retardant. Good 
ceiling insulation is more effective than ventilation 
alone for limiting heat gain to the living space. 
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Residential Moisture Problems and Energy Advisors 
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Condensation-related damage has been recognized by 
building professionals as an emerging problem in 
residential structures. However, there has been little 
evidence presented as to the extent of the problem and 
the extent of public concern about the problem. This 
paper presents the results of a survey of energy advisors 
in Wisconsin that addresses these issues. 
As part of their energy conservation efforts, public 
utility companies have been providing energy analyses 
to home owners for a number of years. It seems prob-
able that through these audits, energy advisors have 
visited more homes than any other single group of 
housing professionals. These audits include an inspec-
tion of the shell of the home and discussions with home 
owners. This exposure to homes and their owners 
provides energy advisors with a unique experience base 
with which to evaluate both the extent to which conden-
sation-related problems are present in homes and the 
extent to which such problems concern home owners. 
Energy Advisors in Wisconsin are required by the 
state Public Service Commission to attend an annual 
professional development conference. During the 1987 
conference, participants were asked to complete a brief 
survey designed to assess the extent to which they en-
countered condensation-related problems during ener-
gy audits. The survey was completed by 196 energy 
advisors. Eleven questionnaires were later eliminated 
because they were not complete or the respondents had 
not conducted any residential energy audits. This 
resulted in a final sample of 185. The respondents 
served 66 of the 72 counties in the state and had com-
Table 1 
Concerns Expressed to Energy Advisors 
Concern Respondents (n=185) 
Conservation methods/materials 70.8°/o 
Moisture problems 57.4°/o 
Energy costs 52.4°/o 
Heating equipment 31.5°/o 
Tight homes/air quality 15.1 °/o 
Windows/doors 14.1°/o 
Comfort 1 0 .8°/o 
Other 1 0 .3°/o 
Appliances 4.8°/o 
Note: Up to 3 responses were allowed 
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Table 2 
Energy-Related Matters on Which More 
Public Education Is Needed 
Area Respondents (n=185) 
Tight homes/air quality 
Moisture problems 
Heating equipment 
Conservation products/procedures 
Effectiveness of energy conservation 
Appliances 
Windows/doors 
Utility rates 
Others 
Safety 
Note: Up to 3 responses were allowed 
54.9°/o 
49.7°/o 
36.8°/o 
31.9°/o 
30.8°/o 
14.6o/o 
7.0°/o 
6.4°/o 
5.4°/o 
4.9°/o 
pleted over 35,000 residential audits during the pre-
vious 12 months. 
Concerns Most Often Expressed by Owners During 
Audits 
When asked to list the top three concerns expressed by 
persons they visited, energy advisors mentioned a wide 
variety of items. These items were collapsed into eight 
categories. Table 1 shows the categories and the fre-
quency of response to each category. 
One would expect energy-related issues to be 
foremost on the minds of persons who request energy 
audits; therefore, it is no surprise that responses in "con-
servation methods/materials" category were men-
tioned most frequently. Included in this category were 
questions about new energy savings products, conser-
vation procedures and ways to cut heat loss. However, 
the prominence of items in the "moisture problems" 
category was not expected. The moisture category in-
cluded concerns about excessive humidity, mold and 
mildew and window condensation. 
Table3 
Frequency of Questions about Moisture 
Response Frequency Respondents (n=185) 
On almost every home visit 11.9°/o 
On more than half my home visits 27.6°/o 
Frequently, but less than half the time 51.4o/o 
Almost never 9.2°/o 
Note: Percentages do not add to 1 00°/o because the 
base for the percentages includes the participants 
who did not respond to the question 
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Table 4 sive moisture. Table 3 
Frequency of Moisture Symptoms shows the responses 
Respondents (n= 185) categories and the per-
Symptom Almost always More than half Less than half Almost never centa~e of responses. 
-=-.:!..:_.!::....:._.::___ _______ ~____________________ Queshonsaboutexces-
Condensation, 
discoJoration, or 
deterioration of 
windows 
Stain, mold or 
mildew on walls 
or ceilings 
Other 
1.6o/o 
0 
7.0o/o 
3.2o;0 sive moisture were 
received "frequently'' 
for 90.8% of the 
respondents. For 
39.5%, questions about 
excessive moisture 
were asked on over 
half of their visits. 
Frequency of 
Note 1: Percentages do not add to 1 00°/o because the base for the percentages Moisture-Related 
includes the participants who did not respond to the question. Symptoms 
Note 2: In order of frequency, the symptoms mentioned more than once under A final question asked 
Other are: condensation in attics (11 ), peeling paint (8), and damp basements (3). participants to indi-
The fact that over half (57.4%) of the participating 
energy advisors listed items in this category suggests 
that concern about condensation and other moisture 
problems is widespread among home owners. It also 
suggests that such problems are not confined to newly 
constructed or unusually tight homes. Ventilation ques-
tions were not included in the moisture category unless 
the response linked the ventilation question to a mois-
ture issue. Ventilation questions were included, instead, 
in a category labeled "tight homes/ air quality." 
Needs For Energy-Related Public Education 
Respondents were also asked to give their opinion of 
the three most important needs for energy-related 
public education. The responses were collapsed into ten 
categories. Table 2 shows the responses. With their 
work focused on reducing energy usage, one would ex-
pect their responses to focus on such topics as energy 
efficient heating equipment or appliances. This was not 
the case. The two most frequently mentioned topics 
dealt with tight homes. The first focused on indoor air 
quality and the second on moisture problems. In each 
case, approximately half the energy advisors listed the 
item. The strong recognition of moisture-related 
problems by front line practical energy educators is a 
clear indication of their saliency. 
Frequency of Moisture-Related Questions 
The first two questions were asked in an open-ended 
fashion to gain a sense of how moisture concerns ranked 
relative to other concerns that energy advisors en-
counter. The remaining questions look directly at mois-
ture problems and their relative frequency. Participants 
reported how frequently they were asked about exces-
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cate how often they ob-
served various symptoms of excessive moisture (See 
Table 4). Window symptoms were seen frequently by 
96.7% of the respondents. Such symptoms were seen 
over half the time by 50.3% of the participants. 
"Stain, mold or mildew on walls and ceilings" was 
reported much less often. Nearly half (44.4%) reported 
seeing it almost never. Nevertheless, the majority 
(55.6%) did report seeing mold or staining frequently. 
Participants were also given an opportunity to iden-
tify other symptoms that they had observed. Most 
(77.8%) did not do so. The most common "other" 
symptoms reported were condensation in attics and 
peeling paint. See the note following Table 4 for details. 
Conclusions 
Before suggesting conclusions from this survey, it is im-
portant to recognize that this data, as is often the case, 
has some limitations. The survey depends on the long-
term recall of energy advisors. The questions on the sur-
vey may have colored this recall by drawing attention 
to moisture concerns. A second limitation is that the sur-
vey addresses owner concerns and superficial 
symptoms only. It does not provide any information on 
structural damage. Finally, Wisconsin is a severe winter 
climate with mild summers. Data collected in areas with 
other climatic characteristics might be quite different. 
Nevertheless, this survey provides convincing 
evidence that large numbers of homes are facing annoy-
ing and possibly damaging problems from excessive 
moisture. The problems appear to arise primarily from 
excessive humidity levels and are not confined to newly 
constructed homes. Energy ad visors recognize the need 
for public education to help in diagnosing these 
problems and selecting appropriate solutions. 
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